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ABSTRACT
2,7-disubstituted silafluorenes and germafluorenes, originally designed for
OLED applications, are a class of fluorescent dyes that have gained recent
interest as probes for bioimaging and as biosensors to monitor cellular dynamics
and interactions. Desirable biological probes absorb in the visible region, have
high extinction coefficients, high quantum yield and excellent photostability. Here,
their spectral properties are investigated under aqueous conditions for relevant
biological applications. These molecules display intense blue fluorescence in the
solid state and in solution, have high extinction coefficients, and exhibit
appreciable solubility in aqueous solution. To better understand potential
applications, the mechanism of fluorescence was investigated. It was
demonstrated that these compounds are sensitive to solvent polarity through
intramolecular charge transfer (ICT) and have desirable Stokes shifts in various
solvents, up to 60 nm. Density functional theory (DFT) was utilized to screen a
library of potential metallafluorenes to find molecules with enhanced sensitivity to
solvent polarity. Selected metallafluorenes were then synthesized for further
study. This work indicates that 2,7-disubstituted sila- and germafluorenes have
excellent potential as biological probes, with the potential to tune the
solvatochromism via the 2,7-substituent, and can be efficiently designed using
DFT to improve ICT properties.
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CHAPTER I
INTRODUCTION

1.1. Fluorescence and fluorescent probes
1.1.1 Fluorescence
Fluorescence, which is radiation emitted by certain molecules that absorb
light, is a property that was first described in 1852 by Sir George G. Stokes
(Stokes, 1852). Then, in 1868, Göppelsröder was the first to use the term
fluorescence analysis, using a hydroxyflavone derivative that increased in
fluorescence intensity with the addition of aluminum to form a complex (Valeur,
2011). In recent decades, the field of fluorescence spectroscopy has exploded
with life science applications due to the fast, nondestructive, and quantitative
aspects of spectroscopic measurements. Fluorescence spectroscopy has
become a vital method to quantitatively measure biological systems due to the
wide range of fluorescent molecular probes available and is safer than using
traditional methods like radioactivity (Ying, 2007). Fluorescence can be used to
label non-fluorescent biomolecules of interest (proteins, DNA primers, peptides,
nucleic acids, antibodies, specific cell components, etc.) or as an indicator in
solution for a specific process (pH, temperature, solvent polarity, etc.) which has
led to the utilization of methods like Förster resonance energy transfer (FRET) to
elucidate properties of biomolecules (Didenko, 2001; Ma, 2015).
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Intrinsically fluorescent amino acids, proteins, and porphyrins can be used
to study various dynamics, such as tryptophan fluorescence for protein
folding/unfolding studies or green fluorescent protein (GFP) as a marker in
fluorescence microscopy, and extrinsic proteins can be covalently linked
(labeled) with small molecule fluorescent dyes (Costantini, 2015; Miyawaki, 2012;
Rizzo, 2009; Shaner, 2007). Fluorescence spectroscopy encompasses many
spectroscopic methods, including fluorescence correlation spectroscopy (FCS),
Förster resonance energy transfer (FRET), fluorescence anisotropy, and
fluorescence quenching (Raghuraman, 2019). An important aspect of these
methods is selecting an appropriate fluorescent dye to produce fluorescence that
accurately represents the biomolecule or interaction of interest. Methods like
FRET require an appropriate overlap of signal between the donor fluorophore’s
emission and the acceptor fluorophore’s absorption. Thus, it is important to
understand the mechanism behind fluorescence and the properties of the dye for
fluorescence spectroscopy and microscopy.
1.1.2 Mechanism of fluorescence
The process of fluorescence is described using a Jablonski diagram
(Jablonski, 1933). In the simplified Jablonski Diagram shown in Figure 1.1, the
electron in the ground state (S0) is pushed to an excited state (S1 or S2) upon
absorption of a photon. Due to vibrational levels within each energy level, there is
a range of photon wavelengths an electron can absorb. Once an electron is
promoted to the excited state, the electron must dissipate the excess energy and
return to the ground state energy level. This occurs through various deactivation

2

Figure 1.1. Jablonski diagram illustrating the ground state and excited state
levels of absorption, fluorescence, and phosphorescence. Reproduced from (Y.
Lee, 2018).

Table 1.1 Timescale for various transitions occurring in the Jablonski diagram
shown in Figure 1.1.
Process

Transition

Timescale (sec)

Excitation (Light Absorption)

S0→Sn

Instantaneous (10-16)

Internal Conversion

Sn→S1

10-14 to 10-11

Vibration Relaxation

Sn*→Sn

10-12 to 10-10

Intersystem Crossing

S1→T1

10-11 to 10-6

Fluorescence

S1→S0

10-9 to 10-6

Phosphorescence

T1→S0

10-3 to 100

Non-Radiative Decay

S1→S0

10-7 to 10-5

T1→S0

10-3 to 100

3

processes, as listed in Table 1.1. The favored deactivation process is the one
that spends the least amount of time in the excited state, thus the energy of the
deactivation process will be lower than the energy of absorption. The difference
in wavelength between the absorption and fluorescence is termed the Stokes
shift (Gao, 2017). In fluorescent molecules, this separation between the
absorption and emission wavelength allows for appropriate separation and
reduces quenching from molecular self-absorption. Figure 1.2 shows a simplified
Jablonksi diagram and the resulting spectra of excitation and emission to
highlight the Stokes shift.
In vibrational relaxation, electrons return to the lowest vibrational level in
the excited state by transferring vibrational energy to nearby molecules through
heat. This process occurs on the picosecond scale (10-12 s). Fluorescence occurs
through the lowest excited state vibrational level to any vibrational level of the
ground state. Internal conversion, which is an intermolecular process, occurs
between singlet states (e.g., S2 to S1) and results in a lower electronic state
without emission. This can also occur from S1 to S0; however it is poorly
understood and less likely to result in fluorescence (Lakowicz, 2006). Intersystem
crossing occurs when overlap between electronic states (S1 to T1) exists due to
heavy atoms such as bromine and iodine, which decrease fluorescence (Bowen,
1939).
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Figure 1.2. Simplified Jablonski diagram illustrating the excitation of an electron
to an S1 or S2 excited state and either undergoing nonradiative decay (red
arrows) or internal conversion (yellow arrows). The spectra show the Stokes shift
between the excitation and emission wavelengths of a fluorophore based on the
S0 and S1 energy levels. Reproduced from (Carl Zeiss Microscopy GmbH, 2019).
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The Stokes shift is commonly expressed in wavelength (nm) or
wavenumbers (cm-1) and is characteristic of the electronic structure of a
fluorescent molecule. Molecules with larger Stokes shifts are indicative of a
significant change in dipole moment between the ground state and the excited
state due to solvent relaxation in the excited state (Lakowicz, 1999). Large
Stokes shifts are desirable for biological applications to increase signal to noise
in cellular imaging (Gao, 2017). Molecules that have small Stokes shifts tend to
have negligible changes in dipole moment between the ground state and the
excited state, leading to self-quenching or “cross-talk” with the excitation (Peng,
2005). This change in direction and magnitude of the dipole moment from ground
state to excited state is illustrated in Figure 1.3. Most of the widely used
fluorescent dyes for cellular imaging, including fluorescein, rhodamine, oxazine,
and cyanine, have small Stokes shifts of less than 30 nm due to symmetry of the
HOMO and LUMO orbitals (Ren, 2018). Designing fluorophores that have
increased Stokes shift is of interest to increase the sensitivity and specificity in
cellular imaging.

Figure 1.3. Jablonski diagram describing solvent relaxation in solvent responsive
dyes. Reproduced from (Loving, 2010).
6

1.1.3 Fluorescence spectrometer
Steady state fluorescence is typically measured using a fluorescence
spectrometer (fluorimeter), which introduces ultraviolet or visible light using a
photon source (e.g. laser or xenon lamp). The light passes through a
monochromator set at a desired wavelength and is absorbed by the sample. The
sample emits a wavelength that is detected at a 90-degree angle via the detector
to avoid interference from the transmitted excitation light, as shown in Figure 1.4
(Lakowicz, 2006).

Figure 1.4. General setup for a fluorescence spectrometer.

When applying a fluorophore to a specific application, there are many
inherent properties of fluorescence measurements that should be considered,
such as quantum yield, instrument configuration, and deviations from Beer’s Law.
Quantum yield, which is defined as the ratio of emitted photons to absorbed
photons, is used to determine the efficiency of fluorescence occurring, up to
100% (Brouwer, 2011; Würth, 2013). A high quantum yield, approaching 100%
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quantum efficiency, is characterized by small HOMO-LUMO energy gaps and
suppression of non-radiative decay pathways. There are two methods for
determining quantum yield using a fluorimeter: absolute (integrating sphere)
method and relative (comparative to a standard) method (Würth, 2013). The
integrating sphere is a method of direct measurement, which requires a
secondary attachment to measure all light emitted so that the ratio of absorbed to
emitted photons is determined without the need for a reference standard. The
relative method, which uses a reference standard with a known quantum yield,
can be used with any conventional fluorescence spectrometer setup to determine
the quantum yield of an unknown fluorophore (Rurack, 2011). However, strict
protocol is necessary to achieve an accurate and precise quantum yield value.
The reliability of the reference standard quantum yield will significantly influence
the unknown fluorophore quantum yield, so it is important to use commercially
available fluorophores at the highest purity as reference standards (Würth, 2013).
The optical density of the solution influences the fluorescence intensity
and spectral distribution. In cases of high optical density, illuminating a sample
off-center can decrease the inner filter effects by decreasing the path length (less
than 1 cm). Since optical density can perturb the intensity of either the excitation
light or emission, this can cause decreases in the apparent quantum yield of the
sample (Lakowicz, 2006).
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1.1.4 Fluorescent molecules
In the 1950s, the small molecule 1-anilinonaphthalene-8-sulfonate (ANS)
was synthesized and shown to demonstrate almost no fluorescence in aqueous
solution (Hawe, 2008). In apolar organic solvents or upon adsorption to solid
phases, they found that ANS is highly fluorescent. In 1965, it was shown that
when ANS was exposed to hydrophobic binding sites of proteins, its fluorescence
intensity increased and a blue-shift in the spectra was noted (Stryer, 1965).
Through that work, ANS became one of the most frequently used small organic
molecule dyes for protein characterization, which helped to open the door for
many other fluorescent small molecule dyes for studying biomolecules.
As shown in Figure 1.5, several different fluorescent moieties have been
demonstrated in the literature as small organic dyes. Fluorescein, a xanthene
dye, was the first synthesized fluorescent dye, synthesized by Adolf van Baeyer
in 1871. Fluorescein is one of the most widely used scaffolds in fluorescent dye
design, which later led to the development of rhodamine dyes in 1887 (Lavis,
2017). Rhodamine is more red-shifted than fluorescein, and due to the lactone
that forms in the protonated form became an ideal building block for
photoactivatable dyes (Chang, 1990). As well as being more red-shifted,
rhodamine has greater photostability and pH sensitivity compared to fluorescein
(Lavis, 2017). Xanthenes, which contain an oxygen atom in a central six-member
ring structure, tend to have extensive overlap of absorption and emission spectra
which leads to reabsorption (Resch-Genger, 2008). The discovery of xanthene
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dyes and their derivatives led to the development of many of the dyes illustrated
in Figure 1.5, some that will be discussed below.

Figure 1.5. Core structures of known extrinsic dyes in the literature. R represents
positions of tunability via moieties (derivatives) demonstrated in the literature.

Cyanine based dyes were developed in the 1970s by Alan Waggoner to
be photostable, non-cytotoxic, and water-soluble (Ernst, 1989). This included the
cyanine dyes Cy3 and Cy5 (Table 1.2), which are commonly used as labels in
protein studies, due to their high extinction coefficients and moderate quantum
yields (high brightness), and far red-shifted spectra (Fei, 2009). Merocyanine and
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oxycyanine have been studied as cancer cell-targeting fluorophores due to its
tumor recognition properties (Fei, 2009). One downside to cyanine dyes is that
even though they are more red-shifted, they have small Stokes shifts (20 nm)
and are quenched at high concentrations (S. Chen, 2012).
Naphthalimide-based dyes are also prone to aggregation, which have
been used for probing protein-protein interactions (Vázquez, 2005), as
ratiometric pH sensors (Z.-Z. Li, 2006), and investigated for their interaction with
micelles to detect critical micelle concentrations (CMC) (Arathi, 2016).
Another point of concern is that many of these fluorophores, including
fluorescein, rhodamine, cyanine, some BODIPY derivatives, and naphthalimide
derivatives tend to have green emission wavelengths (500-550 nm) which can
have significant background fluorescence from autofluorescence (naturally
occurring) in cells (Oliveira, 2018). However, these dyes are widely used for cell
imaging and other applications due to their high brightness (product of quantum
yield and extinction coefficient). As discussed above, dyes that have emission of
longer wavelengths typically cause less photodamage but are more likely to
aggregate (Hilderbrand, 2010). Since aggregation can either quench or enhance
the fluorescent intensity, it is clear that there is a desire in the literature for two
solutions: one, being that the aggregation pattern is controlled to result in
enhanced fluorescence of existing dyes; and two, design of new dyes that are
selectively affected by the surrounding environment of the dye.
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Table 1.2a. Summary of some extrinsic dye properties.
Name

1,8-ANS

Class

Naphthalene
Dye

Fluores
cein
isothiocyanate

Xanthene
Dye

Rhodam
ine 101

Xanthene
Dye

Structure

𝝀𝒎𝒂𝒙
em
(nm)

Stokes
Shift
(nm)

QY

𝜺
(M-1 cm1)

Brightnessa

Ref.

472

97

0.2%
buffer

18,000

<7,200

(Toga
shi,
2008)

73,000

69,000

(Lavis,
2017)

106,000

106,000

(Lavis,
2017)

(Ernst,
1989)

519

24

40%
bound
to
BSA
95%
0.1 M
NaOH

Ground-state
Isomerization
590

21

100%
EtOH

Ground-state
Isomerization
Cy3

Cyanine Dye

Cy5

569

14

4%,

150,000

6000

670

19

27%

250,000

68,000

N/A

N/A

(Vázq
uez,
2005)

84,400

51,000

(S.
Zhu,
2011)

PBS

6DMNGlyOMe

Naphthalimide Dye

509

129

23%
CHCl3

borondipyrro
methe
ne

BODIPY

diethyla
minoNBD

Nitrobenzoxadiazole dye

334354
Tolue
neDMS
O

190198

2%67%
Tolue
neDMS
O

25000

16,750

(FeryForgu
es,
1993)

3HC

Hydroxychromone
dye

425507

22

<46%

12,000

<5,500

(Klymc
henko,
2003)

aBrightness

512

9

Molecular
Rotor

61%
EtOH

CHCl3

is the product of quantum yield times extinction coefficient (Ma, 2015).
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Table 1.2b. Summary of some extrinsic dye properties.
𝝀𝒎𝒂𝒙
em
(nm)

Stokes
Shift
(nm)

QY

𝜺
(M-1 cm1)

Brightnessa

Ref.

Naphthalene
dye

416496

69-134

98%
in
CH2
Cl2

18,400

18,000

(Shay
a,
2017)

FR0

Naphthalene
dye

434570

39-274
nm

75%
in
CH2
Cl2

43,000

32,250

(Kuch
erak,
2010)

CSBPA

Naphthalene
dye

550

145

19%

44,000

8,400

(Y.
Chen,
2013)

Name

Class

Prodan

Structure

Tris
Buff
er
Nile
Red

Dansyl
chloride

ICT dye

Naphthalene
dye

565

518

57

70%

38,000

26,600

183

dioxan
e
66%

(Yablo
n,
2004)

4,000

2,600

(Levi,
2003)

45,000

23,000

(Kuch
erak,
2010)

36,000

15,000

(Stsia
pura,
2008)

659,000

1,500

(Hawe
,
2008)

85,000

8,500

AAT
Bioqu
est

dioxan
e
NR12S

Nile Red
Derivative

626

76

EtOH

ICT Dye
Thioflavin T

Molecular
Rotor

52%

454

105

0.0%
H2O
43%
Fibril

DCVJ

Molecular
Rotor

480505

55

0.2%
MeOH

Tetrame
thylrhodami
neisothiocyanate

Xanthene
Dye

578

26

10%

Ground-state
Isomerization

a

Brightness is the product of quantum yield times extinction coefficient (Ma, 2015).

13

Table 1.2c. Summary of some extrinsic dye properties.
Name

Class

SiR650

Siliconrhodamine

Structure

𝝀𝒎𝒂𝒙
em
(nm)

Stokes
Shift
(nm)

QY

𝜺
(M-1 cm1)

Brightnessa

Ref.

667

30

13%

100,000

13,000

(Klymc
henko,
2017)

(Auvra
y,
2021)

H2O
Ground-state
Isomerization

SiFluo-L

Dimethy
lthio
dibenzo
silole

2,7Silafluorene
Dye

2,7Silafluorene
Dye

535
(H2O)

119

13%
(H2O)

62,900
(H2O)

8,200
(H2O)

530
(Gly.)

105

0.29
(Gly.)

64,200
(Gly.)

19,000
(Gly.)

430

53

39%

68,600

26,500

(Gou,
2021)

CH2Cl2

1b (aryl
methyl)

aBrightness

is the product of quantum yield times extinction coefficient (Ma, 2015).

1.2. Solvent and environmental sensitivity
1.2.1 Solvent relaxation
As discussed earlier, many common fluorescent probes have small Stokes
shifts and green emission wavelengths; thus, tunability of the emission
wavelengths to increase the Stokes shift of the fluorophore is an important
aspect for fluorescence cellular imaging applications (reduce autofluorescence
noise). Red fluorescent dyes (550-700 nm) are being developed, but tend to
have low brightness, quantum yields, and photostability (Oliveira, 2018). To
increase the Stokes shift, solvent relaxation must occur to lower the energy of the
photon during the deactivation process.
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Solvent sensitive probes, which are sensitive to the local environment
around the fluorophore, can respond to solvent polarity through solvent
relaxation. The process of solvent relaxation is shown in Figure 1.3. When a
fluorophore in the ground state, surrounded by solvent molecules, absorbs a
photon and is promoted to the singlet excited state (S1), the dipole moment
present in the molecule is changed to a new electronic configuration with a new
dipole moment in the excited state. When the dipole moment increases
significantly upon excitation, in picoseconds (10 -10 sec) the solvent molecules
surrounding the molecule are reoriented to accommodate the change in dipole
moment, becoming more ordered (Loving, 2010). This is termed solvent
relaxation and it lowers the energy of the singlet excited state and destabilizes
the ground state. Ultimately, this leads to a decrease in the energy gap between
the singlet excited state and the ground state. Upon return to the ground state,
the emitted photon is much lower in energy (longer wavelength). This creates a
larger Stokes shift between the absorption wavelength and the emission
wavelength. Solvent relaxation increases with solvent polarity, creating tunability
in the emission wavelength that is solvent dependent. However, solvent
relaxation alone typically results in lower quantum yield (Lakowicz, 2006).
1.2.1 Environmental sensitivity
Many solvent-fluorophore interactions can contribute to the solvent
relaxation of the energy in the excited state. As shown in Figure 1.6, other
factors like hydrogen bonding, charge shift, probe-probe interactions, and
conformation changes in the structure can have an impact on the magnitude of
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solvent relaxation. In recent literature, there is a desire for fluorescent dyes that
can shift their emission wavelengths in response to environmental stimuli such as
pH, viscosity, or polarity (Lovett, 2021; Niko, 2021; Shaya, 2017). These types of
probes are termed solvatochromic dyes, which alter their fluorescence intensity
and/or color (wavelength) in response to such stimuli. As shown in Figure 1.7,
response to environmental stimuli can occur through various excited state,
ground state, and nonradiative mechanisms, including charge transfer, proton
transfer, conformational change, ground-state isomerization, and aggregation.
Solvatochromic probes are different than chromogenic and fluorogenic probes
that can bind to specific analytes (ions, bioconjugation reactions, cellular
organelles), as they respond to properties of the molecular environment
(Figueroa, 2013; Han, 2010; Klymchenko, 2017). These specific mechanisms
will be discussed in more detail in Section 1.2.2 through 1.2.6.

Figure 1.6. Jablonksi diagram depicting the environmental effect on the energy
of the excited state. Magnitude of arrows for the different ways solvent relaxation
occurs is dependent on the dipole moment of the excited state and not drawn to
scale.
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Figure 1.7. Pathways through which solvatochromic dyes can respond to
environmental stimuli. Reproduced from (Klymchenko, 2017).

1.2.2 Intramolecular charge transfer dyes
Intramolecular charge transfer dyes (ICT) have an electron donating group
and an electron withdrawing group positioned across a conjugated system,
where upon excitation electrons will move across the molecule and respond to
solvent polarity through solvent relaxation (Misra, 2018). These dyes have been
of interest in molecular electronics, as solar cells and sensors, and even more
recently as biological probes. A number of well-known charge transfer dyes, such
as Dansyl, Prodan, Nile Red, and nitrobenzoxadiazole (NBD), are shown in
Figure 1.8a and Table 1.2. (Klymchenko, 2017). The more sensitive the dyes
are to the polarity of the solvent/environment, the larger the Stokes shift that
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occurs (Figure 1.8b). However, due to their high sensitivity to polarity, charge
transfer dyes tend to have poor photostability and tend to be quenched in polar
protic solvents (Klymchenko, 2013). The design of ICT dyes that have strong
solvent polarity-dependent red shifts in emission spectra while maintaining highly
desirable properties such as high extinction coefficient, quantum yield, and
photostability is of interest for applications in cell sensing and dynamics.
Prodan, which was first published in 1979, is a naphthalene-based dye
which is commonly used as an environmentally sensitive probe in biological
applications. It has been demonstrated in studies involving lipid membranes,
proteins, and DNA (Kucherak, 2010). As summarized in Table 1.2, Prodan has
an emission lambda max of 505 nm in methanol with an extinction coefficient of
18,400 M-1 cm-1 (Shaya, 2017). The major downfall to Prodan is that it absorbs in
the UV range (100-400 nm) and is not red shifted like cyanine. Derivatives of
Prodan like CBSPA can become ratiometric probes to monitor intracellular
concentrations of various metals and ions (Y. Chen, 2013).
Advancements in the development of membrane probes have led to FR0
(Figure 1.8) and NR12S (Figure 1.9). FR0 is a fluorene-based molecule instead
of naphthalene-based like Prodan with more red-shifted emission (562 nm in
ethanol) and an increased extinction coefficient (36,000 M-1 cm-1) compared to
Prodan. FR0 has higher photostability than Prodan and high quantum yield (0.98
in dichloromethane) (Kucherak, 2010). FR0 resulted in a two-fold increase in
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solvent polarity sensitivity, increased extinction coefficient, increased
photostability, and more red-shifted spectra (Kucherak, 2010).

Figure 1.8. A) Excited state intramolecular charge transfer dyes in the literature.
B) Fluorescence intensity of Prodan and FR0 with increasing solvent polarity.
Reproduced from (Klymchenko, 2017).
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Nile Red (Figure 1.8a), which was first reported as a molecular stain, has
since found a variety of applications. Nile Red has a Stokes shift of 57 nm and
demonstrates negative solvatochromism (hypsochromic shift) with increasing
solvent polarity (Yablon, 2004). Nile Red also has a high quantum yield in
dioxane (0.7) and an extinction coefficient of 38,000 M-1 cm-1 which offers strong
brightness for bioimaging (Table 1.2) (Kucherak, 2010). An example of an
application in bioimaging involves a Nile Red derivative as a lipid droplet (LD)
probe (Haidekker, 2010) to determine lipid order and visualize phase domains of
lipid rafts (Klymchenko, 2014). Unfortunately, since Nile Red binds exclusively to
lipid droplets and internalizes readily in the cell, it cannot be used for studying
cell membranes, which limits its applications.
In a lipid bilayer, phase transitions represent changes in entropy. The
liquid disordered phase (LD) is a more fluid state with irregular packing order of
individual lipid molecules, while the liquid ordered phase (LO) is more solid like
with tight packing of individual lipid molecules that provides more rigidity
(Kucherak, 2010). Lipid rafts are small membrane domains that contain
cholesterol and sphingolipids that are transient in nature and require advanced
dyes to distinguish between the ordered (LO) and disordered (LD) phases
(Klymchenko, 2014). NR12S, which is a Nile Red derivative, binds the outer
leaflet of bio membranes, has been used in ratiometric imaging of lipid raft
phases using giant unilamellar vesicles (GUVs) as shown in Figure 1.9
(Kucherak, 2010).
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NR12S shows improved properties compared to Prodan and FR0, with the
emission lambda max of 631 nm in methanol and an extinction coefficient of
45,000 M-1 cm-1 (QY is 0.40) (Kucherak, 2010). NR12S can distinguish between
the liquid ordered (LO) and liquid disordered (LD) phases through the emission
wavelength (color) and correlates well with the cholesterol content present
(Kucherak, 2010).

Figure 1.9. Biomembrane application of ICT dyes using NR12S (left) as a
ratiometric LO and LD probe in GUVs. Reproduced from (Klymchenko, 2017).

7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) derivatives are ICT dyes with
large Stokes shifts (190-198 nm) and a large range in quantum yield depending
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on solvent polarity (0.02 to 0.67 QY) (Fery-Forgues, 1993). However, NBD dyes
tend to have more emission in the mid-300 nm range, which may be due to less
aromaticity. This makes them less desirable for biological applications.

1.2.3 Intramolecular proton transfer
Another excited state mechanism of solvatochromism is intramolecular
proton transfer (ESIPT), which is the formation of an intramolecular hydrogen
bond, where upon excitation a proton donor (hydroxyl or amino groups)
redistributes the electronic charge to a proton acceptor (carbonyl oxygen or azo
nitrogen), causing the donor to become more acidic and acceptor more basic
(Demchenko, 2013). The ESIPT response is heavily dependent on the structure
and microenvironment surrounding the dye (Klymchenko, 2003). This results in
dual emission from the normal excited state (N*) and the tautomer excited state
(T*) (Klymchenko, 2013). ESIPT dyes have applications in detecting dipole
potential, transmembrane potential, surface potential, lipid order, and apoptosis
(Demchenko, 2009; Klymchenko, 2006; Shynkar, 2005). Figure 1.10a shows
various ESIPT dyes, such as 3-hydroxyquinolone (3HQ) and 3hydroxychromones (3HC) (also in Table 1.2), that demonstrate dual-emission
with increasing polarity. However, 3-hydroxychromones have small Stokes shifts
(22 nm) and low extinction coefficients (12,000 M-1 cm-1) due to their more redshifted emission (425-507 nm) , and the quantum yield in chloroform is 0.46
(Klymchenko, 2003). ESIPT is strongly affected by solvent and substituents
present, as shown in Figure 1.10b.
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Figure 1.10. (A) Excited-state intramolecular proton transfer (ESIPT) dyes
common in the literature. Molecules highlighted in red demonstrate hydrogen
bonding available. (B) Comparison of DMA-3HF and 3HC demonstrating effects
of substituent on the dual-emission fluorescence intensity. Reproduced from
(Klymchenko, 2017).

An example of ESIPT involves formation of a keto-enol tautometer to
produce emission from both the enol and keto form from excitation of the enol, as
depicted in Figure 1.11. The enol is converted to its keto form through excited
state proton transfer, causing a shift in the emission compared to the enol
emission spectra. Applications of ESIPT demonstrated in the literature include
probing hydration of a DNA-protein interactions, and alpha-helix content in
proteins, and cation or anion detection (Sedgwick, 2018). The emission bands
from ESIPT dyes are well separated, with the blue-shifted band representing the
normal excited state (N*) and the reaction product represents the excited
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tautomer state (T*). Aside from the membrane applications discussed above, 3hydroxyflavone (3HF) has been studied extensively in various applications,
including hydrogen bond changes in proteins (Sytnik, 1994), micelles (Sarkar,
1996), and polymers (Dharia, 1994). More recently, hydroxychromones have
been bonded to deoxyuridine at the C5 position, which led to more red-shifted
absorption (31-36 nm) and emission (77-81 nm) spectra, two-fold increase in
extinction coefficient, and increased fluorescence intensity (3-4.5x) (Barthes,
2015).

Figure 1.11. Depiction of the ESIPT process. Reproduced from (Sedgwick,
2018)
1.2.4 Molecular rotors (conformational change)
Environmental sensitivity can also occur through nonradiative decay
pathways, as shown in Figure 1.7. Molecular rotors are a nonradiative decay
response to environmental stimuli, where the fluorescence intensity is dependent
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on the restriction of the internal rotation (also referred to as restricted
intermolecular motion/rotation (RIR)). In freely rotating molecules, non-radiative
thermal relaxation occurs, ultimately quenching the fluorescence intensity. Upon
restriction of that rotation, such as in a more viscous solvent, the fluorescence
intensity increases as the non-radiative relaxation is inhibited (S. C. Lee, 2018).
A classic example of a molecular rotor is Thioflavin T, which is commonly
used for amyloid fibril detection in Alzheimer’s disease (Stsiapura, 2008).
Thioflavin T is highly specific for amyloid fibrils due to the steric hinderance of the
benzothiazole and aminobenzene rings rotation relative to each other, which
contributes significantly to the Thioflavin T quantum yield. The structure of
Thioflavin T, and other common molecular rotors, is shown in Figure 1.12.
Molecular rotors have many applications, including viscosity sensing and
imaging in plasma membranes, protein labeling, and intracellular RNA imaging
(Klymchenko, 2017; López-Duarte, 2014). DCVJ, (9-dicyanovinyl)julodinine, is a
molecular rotor that is solvent polarity dependent and has been demonstrated in
applications such as monitoring the polymerization of tubulin, measuring the
viscosity in phospholipid bilayers, and characterizing polysorbate-containing IgG
(Hawe, 2010; Kung, 1989). DCVJ has a Stokes shift of 55 nm in ethanol and an
extremely high extinction coefficient (659,000 M-1 cm-1) but low quantum yield
(0.002) (Hawe, 2010).
Polarity and viscosity sensitive fluorescent probes (ICT dyes that also
contain a point of rotation) are considered dual sensing probes that can be used
in lipid droplet studies (Song, 2019). Fluorescent probes that are sensitive to
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Figure 1.12. Molecular rotors commonly found in the literature. Highlighted in red
is the bond where free rotation occurs. Reproduced from (Klymchenko, 2017).

viscosity and polarity are ideal for membrane applications, however probes that
are sensitive to only polarity or only viscosity like FR4-5 and HBTD-V have also
shown success in bioimaging of membranes (Shaya, 2017; L. Tang, 2020).
1.2.6 Ground state isomerization
In these last sections describing the various mechanisms in Figure 1.7,
ground state mechanisms are explored. Ground state isomerization, which
occurs when conjugation is restored through isomerization, can result in
fluorescence (Chang, 1990). This is characteristic of rhodamine dyes, which
have a carboxylate group in the ortho-position that can attack the heterocycle
center spiro-lactone (Klymchenko, 2017). This reversible process, as shown in
Figure 1.13a, is solvent polarity dependent and only occurs in apolar solvents.
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Silica-rhodamines have demonstrated ring closing at higher polarity than
tetramethyl rhodamine, as shown in Figure 1.13b. These rhodamine derivatives
have been applied as multicolor imaging probes in human fibroblast cells
(Lukinavičius, 2016).

Figure 1.13. (a) Intramolecular isomerization of silica-rhodamine dyes. Red
demonstrates fluorescence activation upon isomerization. (b) Effect of
increasing solvent polarity (dielectric constant) on the absorption spectra of
tetramethyl rhodamine (TMR), and two silica-rhodamines. Reproduced from
(Klymchenko, 2017)
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1.3 Aggregation effects on absorption and fluorescence
Aggregation induced emission (AIE) is a term describing how nonemissive molecules produce emission under the right conditions (aggregation).
Aggregation induced emission enhancement (AIEE) is descriptive of molecules
that emit as molecular species (luminophores) but are enhanced via aggregation
(Mei, 2015). The aggregation causes a restriction of intramolecular motion or
vibration, ultimately increasing fluorescence. Aggregation can occur in the
ground state or as part of the nonradiative decay pathway due to restricted
intramolecular rotations (RIR) and/or restriction of intramolecular vibrations (RIV),
that causes a non-emissive dye to strongly emit (Mei, 2015; C. Zhu, 2018).
These dyes are referred to as AIE-gens (aggregation induced emission-gens)
and are a unique feature of some solvatochromic dyes. Teresa Bandrowsky
(Bandrowsky, 2013) originally hypothesized that 2,7-disubstituted sila- and
germafluorenes would demonstrate AIE phenomena, similar to the highly
documented AIEgen hexaphenylsilole (B. Z. Tang, 2001). Hexaphenylsilole is a
classic example of an AIE active molecule, as it does not emit in organic solvent
but does in high water fractions (80-100% water).
Similarly, cyanine dyes have been shown to aggregate and increase their
fluorescence intensity due to restricted internal rotation (Würthner, 2011).
Aggregated cyanine dyes (Figure 1.14 and Table 2.1) are also J-aggregates,
which have bathochromic shifts in the absorption spectra caused by aggregation.
Aggregates that cause hypsochromic shifts are termed H-aggregates (Eisfeld,
2006).
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J-aggregates, were discovered in the 1930s independently (Jelley, 1936;
Scheibe, 1936) and have narrow red-shifted absorption bands in comparison to
the monomer absorption band. Due to 𝜋-stacking, these aggregates arrange
themselves through self-association in three possible arrangements (Figure
1.15) which accelerated the field of supramolecular chemistry (Würthner, 2011).
The most likely arrangement is shown in a), a “brickwork” arrangement, which

Figure 1.14. Examples of cyanine dyes that produce aggregates that are cationic
(7-14) in comparison to a neutral cyanine (15). Reproduced from (Würthner,
2011).
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takes into consideration steric hindrance but still allows for tight packing and
parallel alignment (Bücher, 1970). The mechanism for enhancement of the
fluorescence intensity through aggregation is shown in Figure 1.16.

Figure 1.15. Arrangement possibilities of pi-stacking to increase fluorescence
through J-aggregates. a) Brickwork arrangement (most likely arrangement
predicted by Bucher and Kuhn), b) ladder arrangement, and c) staircase
arrangement. Reproduced from (Würthner, 2011).

AIE has a broad range of applications that have been demonstrated in
recent decades in the field of bioimaging, such as in vivo click labeling, AIEbased gene delivery, and intracellular environmental mapping (C. Zhu, 2018).
With the recent technological advances in fluorescent imaging, there has been a
need for more robust fluorescent dyes that respond to specific behaviors of cells
and microorganisms from a clinical perspective. There are many ways AIEgens
can be applied in bioimaging, as shown in Figure 1.17, demonstrating its
versatility in biological applications.
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Figure 1.16. Mechanism of fluorescence from aggregation induced emission
(AIE) for tetraphenylethene (TPE) and 10,10′-11,11′-tetrahydro- 5,5′bidibenzo[a,d][7]-annulenylidene (THBA). Reproduced from (C. Zhu, 2018).

Figure 1.17. AIEgen-based probes for bioimaging. Reproduced from (C. Zhu,
2018).
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1.4. Silicon and germanium-based dyes
Group 14 metalloles, which include Si-, Ge-, or Sn-based conjugated
molecules to a fluorene core (see Figure 1.4 for structure of fluorene), offer
desirable properties like tunable emission and high solid-state fluorescence
(Yabusaki, 2010). The general synthetic approach to making siloles and
germoles has evolved in recent decades into a one-pot synthesis using a
palladium catalyst (L. Li, 2010). A general formation of silafluorenes is shown in
Scheme 1.1, where the 5-membered ring closes to form the fluorene core with
the silicon at position 9.

Scheme 1.1. Formation of a silafluorene using a transition metal catalyst to
activate the Si-H and C-H bonds with dehydrogenation. Reproduced from
(Ureshino, 2010).

Highly efficient polymer light emitting diodes (PLEDs) and organic light
emitting diodes (OLEDs) that have high current, power, and external quantum
efficiency have been of interest in recent decades for solid state applications (S.
F. Chen, 2015). Silafluorenes and germafluorenes demonstrate blue to deep blue
luminescence and increased lifetimes, which became of interest for OLED
applications to replace existing blue polymer emitters (Germann, 2020;
Hammerstroem, 2016, 2017b; McDowell, 2013). Recently, the focus on OLED
based silafluorenes has shifted to biological work due to their thermostability.
Silafluorenes have recently been applied to live cell imaging, as shown in Figure
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1.18 and Table 1.2 (Auvray, 2021). In that work, the authors investigated a
silafluorene containing 2,7- or 3,6-divinylpyridinium substituents as two-photon
probes for live cell imaging using a confocal microscope. They found that the 2,7divinylpyridinium silafluorene had more red-shifted emission spectra, lower
HOMO-LUMO gap, was able to permeate A549 cells, and is a promising probe
for organelles (Auvray, 2021).

Figure 1.18. Depiction of silafluorene based SiFluo-V (left) and SiFluo-L (right)
used in live cell imaging. Absorbance and fluorescence spectra reflected below
each corresponding structure. Reproduced from (Auvray, 2021).

Similarly, a rhodamine-based silicon containing probe was developed for
live-cell super resolution microscopy of HeLa cells as shown in Figure 1.19
(Lukinavičius, 2013). These authors investigated various covalent labeling
methods for fusion proteins (HALO-, SNAP-, and CLIP-tags) with a silicon-based
rhodamine in comparison to tetramethyl rhodamine. They showed that the near
infrared silicon-rhodamine dye is more sensitive to solvent polarity than
tetramethyl rhodamine and demonstrated membrane permeability. The silicon-
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rhodamine dyes and the silicon-fluorene dyes showed that silicon-based
compounds have the potential to be successful environment sensitive probes for
biological applications.

Figure 1.19. (A) Depicts a silicon-based rhodamine dye compared to tetramethyl
rhodamine. HALO-, SNAP-, CLIP-, and tetrazine tags for live-cell super imaging
using self-labeling protein tags shown in box. (B) Solvent sensitivity for each
silicon-based rhodamine with and without tag. (C) Absorbance spectra of SiRSNAP in ethanol compared to Tris buffered saline (TBS). Reproduced from
(Lukinavičius, 2013)

Also, silafluorene based dyes have been designed to contain strong ICT
character while maintaining desirable properties like high quantum yield and
good photostability. Gou et al. (2021) investigated a large library of silafluorene
based dyes that contain dimethylthio groups at the 3,6 position that demonstrate
tunability in the emission by changing the 2,7-substituent, as shown in Figure
1.20 and Table 1.2 (Gou, 2021). Their work showed that silafluorenes have good
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photostability and tunable emission color by varying substituents. Figure 1.20c
shows how these silafluorene based compounds are solvatochromic.

Figure 1.20. A) Generic structure depicting silafluorene derivatives with
dimethylthio groups at the 3,6-position. B) Normalized fluorescence spectra of a
3,6-dimethylthio silafluorene containing a dimethylamino group at the aryl
substituent in various solvents. C) Optical fluorescence of 3,6-dimethylthio
silafluorenes. Reproduced from (Gou, 2021).

Another recent advancement in silafluorene dye design was the
incorporation of tetracyanobutadiene and tetracyanoquinodimethane moieties,
which are extremely strong electron acceptors, at the 2,7 position between the
aryl conjugated groups to tune the HOMO-LUMO gap (Figure 1.21) (Z. Zhang,
2022).
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Figure 1.21. A) Depicts the structure of an electron donating rich silafluorene
based dye. B) HOMO-LUMO energy gap for tetracyanobutadiene and
tetracyanoquinodimethane silafluorene derivatives. Reproduced from (Z. Zhang,
2022).
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1.5. Research objectives
1.5.1. History of 2,7-disubstituted metallafluorenes
2,7-disubstituted sila- and germafluorenes were originally synthesized in the
Wilking group for the purpose of developing highly fluorescent organic light
emitting diodes (OLEDs) due to their small band gaps, high quantum yield, and
stability (Germann, 2020; Hammerstroem, 2016, 2017b). Silafluorenes and
germafluorenes are part of a unique class of fluorophores due to these
properties. These molecules are tunable at the 2,7-position using a Sonagashira
coupling reaction with a commercially available aryl(alkynyl) substituent, as
shown in Scheme 1.2. The tunability in these compounds, with commercially
available ethynyl precursors, allows for the screening and development of probes
for specific applications.

Scheme 1.2. 2,7-disubstituted sila- and germafluorenes synthesized and
published that will be discussed in this work (Germann, 2020; Hammerstroem,
2016, 2017b).
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Previous work in the Wilking lab showed that these compounds have high
quantum yield in dichloromethane (>80% quantum efficiency for silafluorenes)
and bright blue emission in the solid state (Hammerstroem, 2016, 2017a). The
emission maxima are between 400 nm and 425 nm which varies by substituent
at the 2,7-position. Crystal structures suggest 𝜋 − 𝜋 stacking interactions
between molecules.
1.5.2. Investigating 2,7-disubstituted metallafluorenes
While silafluorenes have been demonstrated for many applications
including high performance OLEDs and other photodevices, it is only recently
that there has been interest in applying them in biological systems. As
demonstrated in this chapter, there is a clear trend in the literature for
silafluorenes as environmentally sensitive probes. Germafluorenes have similar
𝜎* energy to silafluorenes, but the literature lags in investigation of germanium
based-compounds compared to silicon-based compounds. Understanding the
mechanism of silafluorene and germafluorenes fluorescence will hopefully lead to
the development of these compounds as biological probes. The research
reported herein focuses on elucidating the mechanism behind these high
quantum efficiency dyes and discovering biologically relevant applications
through their mechanism. Based on their structure, it was hypothesized that
these compounds would be ICT dyes and potentially have AIE properties. Since
ICT dyes have been demonstrated in applications in membrane dynamics,
research was completed to confirm the mechanism and biological application of

38

compounds 1-5. The following chapters describe the research performed on the
metallafluorenes discussed throughout this work (Scheme 1.2).
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CHAPTER II
MATERIALS AND METHODS

2.1 2,7-disubstituted sila- and germafluorene preparation and storage
2.1.1 Preparation and storage of 2,7-dibromo-3,6-dimethoxy-9,9diphenylsila(germa)fluorene
The core silole (2,7-dibromo-3,6-dimethoxy-9,9-diphenyl- silafluorene), as
shown in Scheme 2.1 below, was prepared in good yield following previously
published methods (R. F. Chen, 2006; L. Li, 2010; McDowell, 2013). As
discussed previously (Hammerstroem, 2016, 2017a), with careful control of all
reaction parameters, including an appropriately sized flask and the water bath
covering the entire reaction mixture, the yield reported is 76%. Upon purification
using silica gel chromatography, the siloles are a white powder with no emission
behavior. The core siloles were stored in the dark in scintillation vials for further
modification at the 2,7-position.

Scheme 2.1 Synthesis of silafluorenes (also applicable to germafluorenes using
GeCl2Ph2 precursor with 67% yield).
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2.1.2 Preparation and storage of 2,7-disubstituted sila- and
germafluorenes
Using commercially available alkynyl(aryl) precursors, 2,7-disubstituted
sila- and germafluorenes were synthesized as previously published (Germann,
2020; Hammerstroem, 2016, 2017a) via a palladium-catalyzed Sonagashira
cross-coupling reaction performed by Stephan Germann or myself. The synthetic
route for modification at the 2,7-position is shown in Scheme 2.2. 2,7disubstituted sila- and germafluorenes were purified in good yields as yellow
crystalline powders that demonstrate bright fluorescence emission when exposed
to ultraviolet light.

Scheme 2.2. Synthesis of 2,7-disubstituted silafluorene (also applicable for
germafluorenes with a germanium atom at position 9).

After preparation, 2,7-disubstituted sila- and germafluorenes were stored
in vials in a desiccator in the dark. Due to the nature of these compounds, light
sensitivity was a concern as well as moisture. Solid material was aliquoted into 5
mL Eppendorf tubes and stored in the desiccator in the dark until use. All other
solid reagents were stored by the manufacturer’s recommendations.
Stock solutions of 2,7-disubstituted metallafluorenes in degassed dimethyl
sulfoxide were prepared in 5 mL Eppendorf tubes for aqueous solutions and then
filtered using a Costar 0.22 𝜇m centrifuge tube filter and stored in the dark when
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not in use. 2,7-disubstituted sila- and germafluorenes prepared in organic
solvents were degassed and stored in amber vials/glass containers with a screwtop lid. Highest available grade organic solvents (spectroscopy or HPLC grade)
were used for all measurements. Compounds were checked for degradation via
UV-Vis absorbance before use.
2.1.3 Buffer and solvent preparation
Experiments were performed in the following solutions or solvents: 5%
DMSO/10 mM Tris pH 8, 0.6 mM Triton X-100, 20 mM cetyltrimethyl ammonium
bromide (CTAB), 25 mM 3-((3-cholamidopropyl) dimethylammonio)-1propanesulfonate (CHAPS), 30 mM sodium dodecyl sulfate (SDS), 10 mM
sodium dodecyl benzene sulfonate (SDBS); spectroscopic or HPLC grade
dichloromethane, chloroform, ethanol, toluene, acetone, acetonitrile, and
methanol; glycerol. Surfactant solutions were sterilized using an autoclave.
Containers were flame dried upon opening and closing then solutions filtered.
Buffer solutions were degassed and then filtered. If solutions were not used
within 24 hours they were degassed again before use. Stock solutions in volatile
organic solvent were dried after use with compressed nitrogen gas. All solutions
were stored at room temperature either covered by foil or stored in a cabinet.
2.1.4. UV-vis and fluorimeter setup
When using the UV-1800 spectrophotometer, absorbances were
measured with a slit width of 1.0 nm. 2-sided UV-Vis quartz cuvettes were
washed with 10% RBS 35 (detergent) then rinsed with water and ethanol then
dried under air. When using the T-formatted Fluorolog-3 (SPEX)
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spectrofluorimeter, 4-sided quartz cuvettes with stir bar were cleaned and stored
in 20% nitric acid and then rinsed with water and ethanol then dried.
Measurements were recorded at 25°C controlled by a circulating water bath and
repeated at least three times and averaged.
2.2 Quantum yield of 2,7-disubstituted sila- and germafluorenes
2.2.1 Reference standard method
Quantum yield (Φ𝑓 ), which is the efficiency of a fluorophore to produce
fluorescence, was determined via the comparative (relative) method. The sixpoint relative method was used, where a range of absorbances (concentrations)
and fluorescence intensity of those solutions are measured. The slope of the
integrated fluorescence emission intensity vs. absorbance is used to obtain
accurate and precise quantum yields (Rurack, 2011).
2.2.2 Solution preparation and conditions
When using the relative method, it is imperative to use the same conditions
for both the unknown fluorophore and the reference standard. At least 3 mL of
MF solutions were prepared in amber vials on the day data were to be collected
to prevent degradation and evaporation. Using the extinction coefficient, the
concentration of the solutions was calculated and ranged from 0.1 to 0.01 A at
the excitation wavelength.
Absorbances were kept below 0.1 A to reduce inner filter effects.
Fluorescence measurements were set to the same slit widths as absorbance
measurements (1.0 nm) (Würth, 2013). A refractometer was used to determine
the refractive index of various buffer solutions when literature values were
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unavailable. Refractive indices of organic solvents were obtained from the CRC
Handbook, 87th edition (Lide, 2006).
2.2.3 Choosing a reference standard
A reference standard should have similar optical properties to the
unknown fluorophore. Based on the absorbance spectra of the MFs, Coumarin
102 was chosen as the reference standard for metallafluorenes with
absorbances near 350 nm. Coumarin 102 (C-102) has a quantum yield of 0.764
in ethanol when excited at 350 nm (Rurack, 2011). The structure and spectra of
C-102 is shown in Figure 2.1 below. Metallafluorene quantum yields were
measured at an excitation wavelength of 350, since the quantum yield of C-102
was determined at this wavelength (Rurack, 2011).

Figure 2.1. Reference quantum yield dye (Coumarin 102) absorption and
emission spectrum.

This reference standard was used with all metallafluorenes investigated
thus far except more red-shifted fluorophores more recently synthesized that do
not have absorbances at 350 nm (see Chapter 5). If the absorption spectrum is
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more red-shifted, Coumarin 343 (C-343) was used instead, which has a quantum
yield of 0.63 in ethanol with an excitation of 400 nm (Reynolds, 1975).
2.2.4 Data analysis to obtain quantum yield
Using KaleidaGraph (Synergy Software, Reading, PA), emission spectra
of metallafluorenes were normalized to zero by subtracting the entire spectra by
the lowest intensity and then under “Macros” the value of the integrated area is
calculated for each measurement. The six values of integrated area are plotted
against the absorbance producing a linear relationship, as shown in Figure 2.2.
The slope of this line is then used to calculate the quantum yield using the
reference standard quantum yield, ratio of slopes, and ratio of refractive indices
of the solvents.

Figure 2.2. Plot of 4 demonstrating the fluorescence intensity and integrated
fluorescence intensity used to calculate quantum yield.
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Using Equation 2.1 (Rhys Williams, 1983) the quantum yield of
metallafluorenes were calculated:
𝑚

2

𝜂

Φ𝑓,𝑥 = Φ𝑓,𝑠 ( 𝑚𝑥) ( 𝜂𝑥 )
𝑠

𝑠

Eq. 2.1

where Φ𝑓 is the quantum yield (x, unknown fluorophore; s, reference standard),
𝑚 is the slope of the integrated fluorescence emission intensity as a function of
absorbance, and 𝜂 is the refractive index of the solvent, the quantum yield of
metallafluorenes were calculated. This was repeated at least three times until an
average quantum yield was obtained and errors were reported at a 90%
Confidence Interval (CI).
2.3 Surfactant and ion interactions
2.3.1 Anisotropy
Fluorescence anisotropy measurements were collected using the SPEX
spectrofluorimeter with at least three measurements over an integration time of
0.1 seconds. Triplicate measurements were collected and calculated using
Equation 2.2:
𝐴=

𝐼∥−𝐼⊥
𝐼∥ +2𝐼⊥

Eq. 2.2

where I is the fluorescence intensity at parallel or perpendicular orientations and
A is anisotropy.
2.3.2. Fluorescence enhancement with ions
Salt solutions were prepared at 1 mM concentration and were selected to
encompass a range of ions present in biological systems. Fluorescence fold
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enhancement measurements in the presence of ions were conducted under the
same conditions as surfactant interaction measurements.
2.4 Lipid detection and cellular imaging
2.4.1. Small unilamellar vesicles (SUVs)
A stock concentration of 4.2 mM DOPC-SUVs were prepared at 25°C by
drying under compressed inert gas and then resuspended in 10 mM Tris buffer.
After 30 minutes, the resuspended DOPC was sonicated for 27 minutes until
cloudy. The solutions were then passed through an Avanti Mini Extruder eleven
times to make 0.1 𝜇m DOPC-SUVs uniform in size. DOPC-SUVs were then
diluted to 0.1 mM for fluorescence measurements.
2.4.2. Photostability in vitro
Stock solutions of 1 𝜇M metallafluorenes were prepared in p-xylene and
were excited continuously using the SPEX spectrofluorimeter for one hour.
Excitation was selected as the absorption lambda max for each metallafluorene
and measured at the expected emission wavelength with 0.8-1 nm slit widths.
2.4.3 Confocal microscopy
Samples were prepared and analyzed by Helena Spikes by distributing a
small number of cells onto a glass microscope slide and heat-fixed via flame no
more than five times. Slides were stained with 15 𝜇M metallafluorene or Nile Red
and incubated at room temperature for 15 minutes. Slides were then rinsed with
deionized water and sealed with a cover slip. S. Cerevisiae cells were imaged
using a Zeiss LSM 900 (Zeiss, Oberkochen, Germany) with an excitation
wavelength of 405 nm.
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2.4 Solvatochromism
2.4.1 Determination of Stokes shift in various solvents
1 𝜇M of MF was dissolved in spectroscopic or HPLC grade organic
solvents. Absorption spectra were collected and then normalized. MFs were
excited at the absorbance lambda max and emission spectra were collected with
0.8-1 nm slit widths. Emission spectra were plotted with the absorption spectra to
demonstrate the Stokes shift (∆𝜈̅ ). Stokes shift, which is the difference between
the absorbance maxima and the fluorescence maxima, were calculated in
nanometers or wavenumbers (cm-1) using Equation 2.3 below.
∆𝜈̅ = 𝜈̅𝐴 − 𝜈̅𝐹

Eq. 2.3

2.4.2 Lippert-Mataga equation
The Lippert-Mataga equation, (Equation 2.4), relates the Stokes shift in
wavenumbers (cm-1) to the change in dipole moment from the ground state to the
excited state [∆𝜇 (𝜇𝑒 − 𝜇𝑔 )] (Vázquez, 2005), where ∆𝜈̅ is the change in Stokes
shift in wavenumbers, ℎ is Planck’s constant (6.626 x 10-27 erg s), 𝑐 is the speed
of light (3 x 1010 cm). The orientation polarizability (𝑓1 (𝜖, 𝜂)) describes the
relationship between the dielectric constant (𝜖) of the solvent and the refractive
index (𝜂) of the solvent (Equation 2.5).
∆𝜈̅ =

2

𝜖−1

𝜂2 −1

(
− 2𝜂2 +1) (𝜇𝑒 − 𝜇𝑔 )2
ℎ𝑐𝑎3 2𝜖+1

Eq. 2.4

0

𝜖−1

𝜂2 −1

𝑓1 (ϵ, η) = (2𝜖+1 − 2𝜂2+1)

Eq. 2.5

The Onsager radius (𝑎0) in Angstroms is half the distance across the
molecule charge transfer will occur. 𝑎0 is obtained from DFT calculations in
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Spartan ’18 using a B3LYP functional and 6-31G* orbital base in the same
solvent as experimental measurements. The distance used was the average of
half of the length between the methoxy substituent and the 2,7-substituent,
determined from electrostatic potential maps for the most likely distance for
charge transfer to occur (Table 2.1).
To estimate the change in dipole moment from the ground state to the
excited state of solvatochromic compounds, the Lippert-Mataga equation can be
expressed in terms of a plot of the Stokes shift vs. the solvent orientation
polarizability (𝑓1 (𝜖, 𝜂)) using Equation 2.6 (Kumari, 2017):
∆𝜈̅ = 𝑚1 𝑓1 (𝜖, 𝜂) + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Eq. 2.6

the slope of the linear fit, is related to ∆𝜇 via:
𝑚1 =

2(𝜇𝑒 −𝜇𝑔)2

Eq. 2.7

ℎ𝑐𝑎0 3

where 𝑚1 is the slope of the Lippert-Mataga plot. Converting esu cm to Debye (1
Debye is equal to 1 x 10-18 esu cm) gives a change in dipole moment in Debye.
2.4.3 Bakhshiev and Kawski-Chamma-Viallet equations
To determine the individual ground state dipole moment and excited state
dipole moment, the Bakhshiev and Kawski-Chamma-Viallet equations were
used. The Bakhshiev equation modifies the solvent orientation polarizability to
better represent the effects of the refractive index:
𝜖−1

𝜂2 +1 2𝜂2 +1

𝑓2 (𝜖, 𝜂) = (𝜖+2 + 𝜂2+2)
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𝜂2 +2

Eq. 2.8

Table 2.1. Summary of calculated solvent orientation polarizability values
used in the Lippert-Mataga equation.
Solvent
𝒇𝟏 (𝝐, 𝜼)
𝒇𝟐 (𝝐, 𝜼)
𝒇𝟑 (𝝐, 𝜼)
Toluene

0.0135

0.0297

0.3542

Chloroform

0.1486

0.3714

0.5474

Dichloromethane

0.2172

0.5904

0.6804

Acetone

0.2842

0.7903

0.7783

Methanol

0.3086

0.8555

0.8065

Acetonitrile

0.3055

0.8631

0.8196

Dimethyl
sulfoxide

0.2632

0.8405

0.8759

The Bakhshiev equation has the same structure as the Lippert-Mataga equation,
where the linear fit of the Stokes shift vs the Bakhshiev solvent orientation
polarizability as shown in Equation 2.9 (Bakhshiev, 1964):
∆𝜈̅ = 𝑚2 𝑓2 (𝜖, 𝜂) + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Eq. 2.9

𝑚2 was then used to determine the change in dipole moment via:
𝑚2 =

2(𝜇𝑒 −𝜇𝑔)2
ℎ𝑐𝑎0 3

Eq. 2.10

The final relationship relates the average of the absorbance and emission
maximum in wavenumbers to the solvent orientation polarizability relationship by
Kawski-Chamma-Viallet (Equation 2.11) (Chamma, 1970):
̅𝑎 +𝜈
̅𝑓
𝜈
2

= 𝑚3 𝑓3 (𝜖, 𝜂) + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

where 𝑓3 (𝜖, 𝜂) is expanded to:
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Eq. 2.11

2𝜂2 +1

𝜖−1

𝜂2 −1

3(𝜂4 −1)

𝑓3 (𝜖, 𝜂) = [2(𝜂2+2) (𝜖+1 + 𝜂2 +2) + 2(𝜂2+2)2]

Eq. 2.12

and 𝑚3 is then used to determine the change in dipole moment via:
𝑚3 =

2(𝜇𝑒 −𝜇𝑔)2

Eq. 2.13

ℎ𝑐𝑎0 3

𝑚2 and 𝑚3 were then used in the following relationships (Equations 2.14 and
2.15) to determine the ground state dipole moment and the excited state dipole
moment of the metallafluorenes.
1

𝜇𝑔 =

𝑚3 −𝑚2 ℎ𝑐𝑎3 2
2

( 2𝑚 )
2

Eq. 2.14

1

𝜇𝑒 =
for 𝑚3 > 𝑚2 :

𝜇𝑒∙ =

𝑚3 +𝑚2 ℎ𝑐𝑎3 2
2

( 2𝑚 )

𝑚3 +𝑚2
𝑚3 −𝑚2

2

𝜇𝑔

Eq. 2.15
Eq. 2.16

2.4.4 Density functional theory calculations
Spartan ’18 (Wavefunction, Irvine, CA), a computation chemistry software,
was used to predict electrostatic potential maps, solvent effects, dipole moments,
Onsager radius, and the HOMO-LUMO gap of 2,7-disubstituted sila- and
germafluorenes. Using the density functional basis set, B3LYP-6-31G*, the
equilibrium geometry is calculated in the ground state and excited state under
various solvent states as well as the gaseous state. This density functional was
chosen to maximize the accuracy of the calculation in an acceptable time frame.
In Spartan ’18, 2,7-disubstituted sila- and germafluorenes are drawn and then the
structure is minimized to reduce bond lengths. Spartan ’18 provides an output file
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containing the properties of the molecule it calculates. After the calculation is
completed, the HOMO, LUMO, and electrostatic potential energies are calculated
and given as images and values. The data is then compiled for analysis.
2.5 Mechanism of 2,7-disubstituted sila- and germafluorene aggregation
2.5.1 Metallafluorenes as molecular rotors
The effect of viscosity on sila- and germafluorene fluorescence was
determined using a gradient of glycerol and spectroscopic grade methanol. A
stock of MF was dissolved in dimethyl sulfoxide (DMSO) and quantitated using
UV-Vis spectroscopy. 1 𝜇M of MF was added to 5 mL Eppendorf tubes
containing 3 mL of various fractions of glycerol:methanol as shown in Table 2.2.
All solutions were vortexed or shaken until homogenous. Fluorescence spectra of
1 𝜇M sila- and germafluorenes in glycerol:methanol were collected using the
fluorimeter with 0.7 nm slit widths.
Table 2.2. Viscosity of each glycerol:methanol fraction used.
Volume %

Viscosity / cPa

glycerol

methanol

85%

15%

453.17

80%

20%

347.73

75%

25%

263.93

70%

30%

198.02

65%

35%

146.75

60%

40%

107.34

50%

50%

55.01

40%

60%

26.44

30%

70%

11.80

a(Song,

2019)
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2.4.2 Scanning electron microscopy
Morphology of the metallafluorenes in an aggregated state were
determined using scanning electron microscopy (SEM) via an Apreo 2 HV
scanning electron microscope (Thermo Scientific, Waltham, MA). Samples of
MFs were prepared in polar organic solvents and then drop cast onto carbon
tape on an aluminum stub. The MFs were dried completely and then placed
inside the chamber. Images were collected at various magnification and particle
sizes were measured. Elemental analysis was also completed to ensure pure
material was analyzed for morphology.
2.4.3 Circular dichroism
Circular dichroism measurements were collected on a Jasco J-1500
circular dichroism spectrophotometer (Jasco, Easton, MD). 1.8 mM MFs were
prepared in acetonitrile, dichloromethane, or DMSO and ellipticity measured on
the same day. Samples were measured from 625 nm to 190 nm at 25°C or 37°C.
A scan rate of 100 nm/min was used and 3 scans were averaged. The digital
integration time was set to 2 seconds. All solvents were spectroscopic or HPLC
grade and degassed using a vacuum prior to use. See UV-Vis cuvette handling
in Section 2.1.4.
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CHAPTER III
CHARACTERIZATION OF 2,7-DISUBSTITUTED SILA- AND
GERMAFLUORENES IN AQUEOUS SOLUTION

3.1. Introduction and background
3.1.1 History and motivation
Surfactants, which have hydrophobic and hydrophilic components,
lower the surface tension between two liquids. There are four types of
surfactants, including nonionic, cationic, anionic, and zwitterionic (both positively
and negatively charged). Surfactants are commonly used as detergents, but due
to their lipid like structure, can also be used to mimic lipids in vitro (Majeed,
2021). Polarity-sensitive fluorescent probes have been demonstrated to detect
dynamic changes in membrane like structures due to their varying polarity in lipid
structures (Danylchuk, 2021; Demchenko, 2009; Klymchenko, 2014). Some
common surfactants are shown in Figure 3.1. Anionic surfactants are introduced
into waste streams from industrial waste, contributing to the rise in seawater
contamination (Ahmia, 2016). These surfactants are then found at trace levels in
environmental samples; however detecting anionic surfactants is a timeconsuming and labor-intensive process, typically using methylene blue active
substances as a standard (Wyrwas, 2014).
Fluorescence spectroscopy, which can be utilized to detect specific
quantities of an analyte rapidly, is an ideal method for determining the presence
of surfactants using appropriate fluorescent probes due to its convenience and
sensitivity. Thus, there is an interest for fluorescent probes as a method of
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detection of surfactants present in wastewater as well as probing lipid structures
(Zhao, 2014, 2015).

Figure 3.1. Examples of surfactants. TX100, nonionic; CHAPS, cationic; CTAB,
zwitterionic; SDS and SDBS, anionic.
Examples of fluorescent surfactant indicators (Figure 3.2a) include the
cationic pyrdinium based compound DAPB ([4-((1E,3E-4-(4(dimethylamino)phenyl)buta-1,3-dien-1yl)-1-methylpyridin-1-ium]) (Vasu, 2017);
naphthalimide based compounds DMN-Bu (2,3-substituted), DMNDC ([diethyl 6(dimethylamino)naphthalene-2,3-dicarboxylate]), and a naphthalimide iodide,
[C8ndi]I (N-n-octyl-4-(1-methylpiperazine)-1,8-naphthalimide iodide) (Arathi,
2016; Mallick, 2017; Zhao, 2014); and a cationic polythiophene derivative,
PDPMT-Cl ([3-(1,1’-dimethyl-4-piperidinemethylene)thiophene-2,5-diyl chloride])
(E. Li, 2012). When comparing metallafluorenes to these structures, many

55

Figure 3.2. (A) Examples of cationic and anionic surfactant probes in the
literature. (B) Structure of 2,7-disubstituted sila- and germafluorenes investigated
as fluorescent surfactant probes. Reproduced from (Spikes, 2021).

commonalities exist. The naphthyl moiety of 2 (Figure 3.2b) and the highly
conjugated core of the metallafluorenes suggest that if suitably soluble,
metallafluorenes could show specificity for surfactants.
Since surfactant structures have hydrophobic chains and hydrophilic head
groups like lipids, we hypothesized that structure of metallafluorenes may lead to
a fluorescent response to various biological processes. Here, I summarize
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studies of four metallafluorenes and their interactions to various surfactants, ions,
and small unilamellar vesicles (SUVs) in aqueous solution.
To understand their specificity for various small molecules, I first
demonstrated that metallafluorenes have exceptional brightness (high quantum
yield and extinction coefficients) in the presence of detergents that form micelles
and are sufficiently soluble in aqueous solution, suggesting their applicability in
biological systems (Spikes, 2021). Then, metallafluorenes were analyzed in
aqueous solution using fluorescence spectroscopy methods. To determine in
vitro lipid-metallafluorene interactions, DOPC-small unilamellar vesicles (SUVs)
were used as lipid mimics using fluorescence spectroscopy in a subsequent
manuscript. This study reports on in vivo fluorescence microscopy images,
collected by Helena Spikes, of metallafluorenes localizing in S. cerevisiae cells,
which demonstrated their specificity and brightness for confocal microscopy
(Spikes, 2021).
3.1.2 Metallafluorenes in this study
Based on the structure of 2,7-disubstituted sila- and germafluorenes,
which are highly conjugated across the 2,7-substituents and heteroatoms at the
3,6-position, it was suspected that these compounds may have an affinity for
surfactants, responding spectroscopically (increase in fluorescence intensity) to
the local surfactant environment compared to aqueous solution. We screened
four metallafluorenes from the library of 2,7-disubstituted sila- and
germafluorenes (Figure 3.2.b) to demonstrate fluorescence sensitivity to
surfactant structures. These metallafluorenes were selected due to their range of
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structures, with either a silicon or germanium at position 9, a range of both mono
and bicyclic (fused and not fused) ring systems at the 2,7 position, and various
heteroatoms like fluorine and methoxy. It was hypothesized that 2 would be
sensitive to surfactants due to the methoxy naphthalene group at the 2,7position, since naphthyl groups are a common feature of cationic and anionic
surfactant probes (Figure 3.2.a).
3.2. Results
3.2.1 Metallafluorene quantum yield with surfactants
Metallafluorenes showed appreciable solubility in aqueous solution, so the
quantum yield was determined for 1-4 (Figure 3.1b) to quantify the specificity to
surfactant structures. Quantum yield in aqueous solution was determined for
each of the compounds as described in Chapter 2 and the quantum yield values
are summarized in Table 3.1. Quantum yields for metallafluorenes in aqueous
buffer ranged from 0.094 to 0.34, which is significantly lower than in organic
solvent (QY in dichloromethane listed in Table 3.1) (Hammerstroem, 2016,
2017b). However, in the presence of surfactants, the quantum yield recovers and
even exceeds the quantum yield in organic solvent, approaching 100% quantum
efficiency in Triton X-100 and CTAB. This suggests that the surfactants cause
reordering of the solvent around the MFs, reducing nonradiative decay and
allowing for greater quantum efficiency. The quantum yield was significantly
lower in the presence of anionic surfactants but was higher than Tris buffer.
These results suggest that metallafluorenes respond to surfactants depending on
charge and structure, having the most sensitivity for nonionic surfactants.
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Table 3.1 Effect of Surfactants on Metallafluorene Quantum Yield a
10 mM Tris
pH 8

TX

CTAB

1 0.11±0.016 0.94±0.05 0.92±0.08

CHAPS
0.90±0.02

SDS

SDBS

DCMb

0.49±0.09

0.38±0.13

0.80

2 0.094±0.011 0.85±0.06 0.97±0.03 0.52±0.01 0.38 ± 0.06

0.46±0.006

0.75

3 0.24±0.013 0.97±0.04 1.01±0.11 0.80±0.08

0.53 ±0.03

0.55±0.01

0.89

4 0.34±0.005 1.00±0.04 0.92±0.08 0.90±0.02

0.49±0.09

0.38±0.13

0.80

aConditions:

1 𝜇M MF, 0.6 mM TX, 20 mM CTAB, 25 mM CHAPS, 30 mM SDS,
10 mM SBDS in 10 mM Tris pH 8.0, 5% DMSO, 25℃. b(Hammerstroem, 2016,
2017a).
3.2.2 Surfactant interactions with metallafluorenes
To investigate this library of 2,7-disubstituted sila- and germafluorenes for
their properties in aqueous solution, the absorbance spectra of metallafluorenes
1-4 were measured in the presence of a wide range of charged and uncharged
surfactants (Triton X-100, CHAPS, CTAB, SDS, and SDBS as shown in Figure
3.1) in concentrations above their respective CMC values and compared to
dimethyl sulfoxide (DMSO) and 10 mM Tris buffer (Figure 3.3). Of the five
surfactants measured, metallafluorenes responded well to Triton X-100 (nonionic
surfactant) compared to SDS and SDBS (anionic surfactants). Spectral shifts
were also observed in 2 and 4, which suggests a direct interaction between the
metallafluorenes and the surfactants CTAB and Triton X-100.
Emission spectra of 1-4 were collected in the presence of the various
surfactants under the same conditions as the absorption spectra (Figure 3.4).
The metallafluorenes showed impressive emission fold enhancements in the
presence of surfactants, with fold enhancements ranging from 1 to 63x. Overall,
metallafluorenes had the highest fold enhancements in the presence of Triton X-
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(38-63x), while all four metallafluorenes had a significantly lower response to the
anionic surfactants SDS and SDBS (0-3x). A blue-shift (hypsochromic shift)
occurs, most notably in the presence of Triton X-100. 2-4 in the presence of
CTAB demonstrates shoulder peaks that are not present in the other spectra,
suggestive of specific electronic transitions due to the interactions between the
metallafluorene and the surfactant. The emission fold enhancements are
summarized in Table 3.2.

Figure 3.3. Absorption spectra of compounds 1-4 in aqueous solution upon the
addition of various surfactants compared to DMSO. Conditions: 5 𝜇M
metallafluorene, 10 mM Tris pH 8.0, 0.5% DMSO, 0.6 mM Triton X-100, 25 mM
CHAPS, 20 mM CTAB, 30 mM SDS, and 10 mM SDBS at 25℃. Data collected
by Helena Spikes. Reproduced from (Spikes, 2021).
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Figure 3.4. Emission spectra of compounds 1-4 in the presence of various
surfactants compared to in aqueous solution. 1 mM metallafluorene in 10 mM
Tris, 0.5% DMSO, pH 8.0 at 25℃. [Surfactant] 0.6 mM Triton X-100 (TX), 25 mM
CHAPS (CH), 20 mM CTAB, 30 mM SDS, 10 mM SDBS, all above CMC. Data
collected by Helena Spikes. Reproduced from (Spikes, 2021).
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Table 3.2 Effects of Surfactants on Metallafluorene Emissiona
Comp
TX
b
#
FEc
λ

λb

CTAB
FEc

λb

CHAPS
FEc

λb

SDS
FEc

λb

SDBS
FEc

1
38 19±0 37 25±10 37 2.0±0.6 2 1.1 ± 0.1 2 0.9 ± 0.02
2
63 13±2 63 12±0 63 1.7±0.04 1 1.0 ± 0.2 0
1 ± 0.1
3
58 13±5 58
9±3
62 3.3±0.4 0 0.9 ± 0.2 3
1 ± 0.4
4
60 10±1 60
5±2
2 4.0±0.2 1 1.1 ± 0.2 1
1.1 ± 0.3
aConditions: 1 µM MF, 10 mM Tris pH 8.0; DMSO concentration varied from 0.5
%, 25 °C. TX, 0.6 mM; CHAPS, 25 mM; CTAB, 20 mM; SDS, 30 mM; SDBS, 10
mM as indicated. These surfactant concentrations are above their respective
CMC. bLambda refers to shift in nm of λmax upon the addition of surfactant.
cFold enhancement is calculated by dividing the maximum emission with
surfactant by the maximum emission in the absence of surfactant with a 3 min
incubation. Data collected by Helena Spikes.

3.2.3 Anisotropy of metallafluorenes
To better understand the metallafluorene-surfactant interactions, the
anisotropy of 1-4 were also measured in the presence of the various surfactants
as shown in Figure 3.5. Same as the quantum yield and emission fold
enhancement results, the anisotropy of the metallafluorenes increased in the
presence of Triton X-100, CTAB, and CHAPS, but did not interact well with the
anionic surfactants SDS and SDBS, which resembled the aqueous buffer
anisotropy. This suggests that metallafluorenes have a specificity for surfactant
aggregates, specifically cationic, zwitterionic, and uncharged surfactants. Other
mechanisms may be contributing to the low anisotropy demonstrated for the
anionic surfactants, since their emission enhancement, quantum yield, and
anisotropy were lower than in the presence of the other surfactants.

62

Figure 3.5. Anisotropy of 1-4 in aqueous buffer versus in the presence of the
various surfactants. Data collected by Helena Spikes. Conditions: 1 𝜇M, 10 mM
Tris pH 8.0, 0.5% DMSO at 25℃. 0.6 mM Triton X-100, 20 mM CTAB, 25 mM
CHAPS, 30 mM SDS, and 10 mM SDBS. Reproduced from (Spikes, 2021).

3.2.4 Metallafluorene interactions with ions
To make sure interactions with other ions were not interfering with these
results, we also measured the effect of various ions on the fluorescence intensity
and anisotropy, which showed a slight quenching effect as shown in Figure 3.6.
This confirms that the metallafluorenes are not interacting with potential ions in
solution and that the increase in quantum yield, fluorescence intensity, and
anisotropy is due to the direct interaction of the metallafluorenes and the
surfactants. This also suggests that the metallafluorene sensitivity to cationic
surfactants is specific to the surfactant structure and not the charge.
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Figure 3.6. Ion effect on the fluorescence intensity of 1-4. Conditions: 1 𝜇M
metallafluorene, 1 mM salt, 10 mM Tris pH 8.0, 0.5% DMSO at 25℃. 0.6 mM
Triton X-100. Reproduced from (Spikes, 2021).

3.2.6 Detection of SUVs
A common way to investigate lipid dynamics in vitro is with small
unilamellar vesicles (SUVs). Fluorescent dyes like F2N12S (Nile Red derivative)
have been used to probe lipid dynamics in 1,2-Dioleoyl-sn-glycero-3phosphocholine (DOPC) SUVs (Demchenko, 2009). DOPC-SUVs were used to
assess metallafluorene-membrane interaction by measuring the emission spectra
of 1-4 (Figure 3.7). These results show that 1-4 have a 2-7x fluorescence fold
enhancement in the presence of DOPC SUVs. 1 and 2 show the highest
sensitivity to SUVs. There is also a spectral shift (blue shift) that is prominent in 1
and 2 but not 3 and 4. These results suggest that some metallafluorenes may
interact with membranes.
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Figure 3.7. Emission spectra of 1-4 in the absence (dashed) and presence
(solid) of 0.1 mM DOPC-SUVs. Conditions: 1 uM MF, 0.1 mM DOPC, 10 mM Tris
pH 8, 25 ˚C. The excitation wavelength was 387 nm and the slits (bandpass) set
to 1.0 nm. 3 min incubation. Reproduced from (Spikes, 2021).

3.2.7 Investigation of lipid structure
Since metallafluorenes are mostly hydrophobic structures, we were
interested in their ability to permeate a cell membrane, their photostability, and
determine localization within cells. Helena Spikes used a Zeiss LSM 900
confocal microscope to determine photostability and localization. As shown in
Figure 3.8, fixed yeast cells showed that all four metallafluorenes were able to
stain cellular structures within the cells.
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Figure 3.8. 1-4 stain fixed yeast cells. Conditions: 15 𝜇M metallafluorene at 63x
magnification. Excitation wavelength: 405 nm; Scan range: 400-600 nm.
Samples prepared and imaged by Helena Spikes. Reproduced from (Spikes,
2021).

Metallafluorene photostability was measured in p-xylene, which has been
used in in vitro photostability studies as a membrane mimetic (Shaya, 2017). 1-4
showed remarkable photostability over two hours of continuous excitation
(Figure 3.9). With the enhanced fluorescence response to SUVs and good
photostability, we suspected that metallafluorenes would be promising lipid
probes in vivo.
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Figure 3.9. Photostability of 1-4 in p-xylene.
To determine localization of the metallafluorenes in yeast cells, yeast cells
were co-stained with Nile Red, a common lipid droplet dye as discussed in
Chapter 1. Compound 1, as shown in Figure 3.10, clearly stains the vacuole and
potentially lipid granules in yeast cells. The Nile Red stain (red) and the
metallafluorene stain (green) when overlayed show strong colocalization (yellow)
(Figure 3.10). This suggests that metallafluorenes may be useful lipid droplet
stains in cells since they offer comparable staining profiles and higher brightness
than Nile Red.
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Figure 3.10. 1 (in green, bottom left) colocalization study with Nile Red (in red,
top left); Top right, transmitted light; Bottom right, overlay demonstrating
colocalization (in yellow). 15 𝜇M at 63x magnification. Samples prepared and
imaged by Helena Spikes. Reproduced from (Spikes, 2021)
3.3. Discussion
3.3.1 Quantum efficiency increases with surfactants
In the presence of surfactants, MF quantum yield is increased
dramatically, in some cases past the quantum efficiency of MFs in organic
solvent (dichloromethane). The recovery of the quantum efficiency from aqueous
solution to organic solvent was expected since the fluorescence fold
enhancements were recovered when compared to dimethyl sulfoxide
fluorescence intensity. What was not expected was the quantum yield to
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approach 1.0 (100% efficiency) in the presence of Triton-X100, since this was
above the quantum yield determined in organic solvent. This supports the
argument of solvent and surfactant ordering around the MFs and limiting
nonradiative decay pathways.
Compared to other dyes in the literature, metallafluorenes demonstrate
high quantum yield in aqueous solution. Dyes like ANS (anilinonaphthalene-8sulfonic acid) have extremely low quantum yield in aqueous solution (0.003 in
water) but increases in the presence of membranes (Glasgow, 2014). BODIPY is
another common fluorescent dye, with a quantum yield of 0.022 in aqueous
solution (S. Zhu, 2011). Dansyl, another known membrane probe, has a quantum
yield of 0.07 in aqueous solution (Bramhall, 1986). These probes all tend to have
more red-shifted spectra but fall short in brightness (product of quantum yield
times extinction coefficient). Metallafluorenes have high brightness due to their
quantum yield (0.09-0.34 in buffer) and extinction coefficients (28,000-76,000 cm1

M-1 in DMSO). See Appendix A for metallafluorene properties. This suggests

that metallafluorenes would contribute significantly to the current library of
fluorescent dyes for biological applications.
3.3.2 Metallafluorene surfactant interactions
Absorption spectra of MFs in the presence of various surfactants shows
that most of the surfactants investigated increase the absorption intensity of MFs
from aqueous buffer to close to the intensity in dimethyl sulfoxide. This shows
that the molar extinction coefficient is increased in the presence of surfactants
since concentration is held constant. It has been demonstrated in the literature
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that fluorescent probes sensitive to surfactants are characterized by an increase
in absorption and a blue-shift (Zhao, 2015). Metallafluorenes had similar
response, suggesting a strong interaction between metallafluorenes and Triton
X-100, CHAPS, and CTAB.
Emission spectra of MFs in the presence of various surfactants
demonstrate highly intense, blue-shifted spectra (to higher energy wavelengths)
when compared to aqueous solution. Blue shifts are typical in highly polar
solvents, indicated by a lower dipole moment in the excited state than in the
ground state (Adenier, 1996). Since surfactants can align their hydrophilic and
hydrophobic regions at aqueous and non-aqueous interfaces, this suggests that
the MFs are orienting the surfactant molecules during solvent relaxation and
increasing the energy gap between the destabilized ground state and the solvent
relaxed excited state. Since the intensity of the fluorescence increases
dramatically in the presence of surfactants, surfactant interactions may also be
preventing non radiative decay and increasing the fluorescence efficiency of MFs
at higher energy wavelengths.
3.3.3 Metallafluorenes stain lipids in yeast cells
Metallafluorene interactions with DOPC-SUVs demonstrated affinity for
lipid vesicles compared to aqueous solution. These results combined with the
surfactant studies pointed to metallafluorenes having lipid specificity. Fixed S.
cerevisiae cells that were incubated with MFs demonstrated high areas of
fluorescence intensity near vacuoles and lipid granules. This suggests that MFs,
although not membrane permeable, are able to be transported into membrane70

bound vacuole storage. MFs were also co-stained with Nile Red and showed
high areas of colocalization, which suggest that MFs also have a specificity for
lipid droplets and could be a competitive probe for lipid staining. Nile Red has
good brightness (26,600), but MFs have exceptional brightness, almost double of
Nile Red (up to 55,100). Helena Spikes also investigated the photostability in vivo
and demonstrated good photostability over two minutes (Spikes, 2021). These
results show that metallafluorenes are indeed sensitive to membrane structure
and could have potential uses in membrane dynamic studies.
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CHAPTER IV
SOLVATOCHROMISM AND AGGREGATION EFFECTS OF
METALLAFLUORENES

4.1. Introduction and background
4.1.1 History and motivation
The mechanism of solvatochromism is determined from the structure and
what environmental stimuli the dye is responding to. Mechanisms of
solvatochromism include charge transfer, proton transfer, conformational change,
ground state isomerization, and aggregation, as discussed in Chapter 1
(Klymchenko, 2017). In ICT dyes, the polarity of the media influences emission of
the dye which allows for changes in the microenvironment to be visualized. ICT
dyes were originally designed for organic light emitting diodes (OLEDs),
photovoltaics, and nonlinear optics (Noirbent, 2021), but recently interest in
applying them as biological probes has increased (Auvray, 2021; Spikes, 2021).
In positive solvatochromism, a bathochromic shift (red shift) in emission
spectra occurs with increasing polarity due to an increase in the magnitude of the
dipole moment during excitation. In negative solvatochromism, a hypsochromic
shift (blue-shift) in emission spectra occurs with increasing polarity due to a
decrease in the magnitude of the dipole moment (Reichardt, 1994). Thus,
investigation of the dipole moment of a push-pull dye during an electronic
transition gives insight into potential applications as a solvatochromic probe since
there is a desire for dyes that can shift wavelength maxima in response to stimuli.
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4.1.2 Properties of solvatochromic dyes
As discussed in Chapter 1, membrane dyes should have absorption in the
visible range, have a high absorption coefficients (>30,000 M-1 cm-1), high
quantum yields (>50%) and be photostable (Kucherak, 2010). Some
solvatochromic dyes presented in the literature as biological probes include
Dansyl, Prodan, NBD, and Nile Red; however, these dyes tend to show poor
photostability and low quantum yields in polar solvents, which hinders their
solvent sensitivity applications (see Table 1.2).
Fluorene based dyes (shown in Figure 1.5) have been investigated as
membrane probes and show improved quantum yields and photostability (R. F.
Chen, 2006; Kucherak, 2010; Shaya, 2017; Yang, 2019; H. Zhang, 2013).
Although fluorene lacks heteroatoms, it is highly conjugated which allows for
electrons to move more freely across the molecule and makes it an ideal
aromatic core for the development of dyes.
4.1.3 2,7-disubstituted sila- and germafluorenes in this study
Metallafluorenes have many of the above favorable photophysical
properties due to the fluorene core with strong 𝜋 − 𝜋 stacking and tunable 2,7substituents (Scheme 4.1). In Chapter 3, 1-4 were shown to interact with
surfactant micelles and have specificity for lipid structures in yeast cells,
ultimately colocalizing with the lipid droplet stain Nile Red with good photostability
(Spikes, 2021). Here, I investigate the mechanism of this library of 2,7disubstituted sila- and germafluorenes (MFs) as well as another metallafluorene
with a benzaldehyde group at the 2,7-position (5) as ICT dyes and quantify their
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solvatochromic properties. 5 was added to the library as it was recently published
(Germann, 2020) and carbonyl groups are strongly electron withdrawing.

Scheme 4.1 Structures of 2,7-disubstituted sila- and germafluorenes (MFs)
used in this study.

In this work, UV-Vis spectroscopy, fluorescence spectroscopy, and density
functional theory (DFT) calculations are utilized to measure the degree of
solvatochromism in metallafluorenes to better understand their potential as
environmentally sensitive dyes in biological systems. The Stokes shift
determined from the absorption and emission spectra are plotted to determine
the degree of solvatochromism in metallafluorenes. We suggest that along with
their high extinction coefficients, quantum yield, and photostability, these dyes
would respond to solvent polarity and be competitive probes for bioimaging and
sensing.
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4.2. Results
4.2.1. Density functional theory
Using Spartan ’18, DFT (B3LYP-6-31G*) calculations demonstrated the
ICT characteristics of compounds 1-4, shown in the electrostatic potential maps
in Figure 4.1. This shows high electron density situated on the alkyne bond
(shown in red). The intensity and location of electron density changes slightly
depending on the electron withdrawing groups at the 2,7-position. 1 and 2 have
most of the electron density centered on the alkyne conjugation at the 2,7
substituents while 3 and 4 have some electron density localized to the 3,6methoxy substituent asymmetrically. 1 shows stronger ICT character compared
to 2-4, demonstrated by intense areas of electron density (more red throughout
conjugated bonds). The intensity difference of areas with high and low electron
density (red versus blue) in the electrostatic potential diagrams show clear
evidence for ICT character. This supports the hypothesis that this library of
compounds are ICT dyes and likely to be solvatochromic.
A small band gap (HOMO-LUMO gap) suggests that the excited state is
stabilized by polar solvents in the 𝜋 − 𝜋 ∗ transition, which is measured as a
bathochromic shift (Vázquez, Blanco, and Imperiali 2005). Spartan ’18 was used
to determine the HOMO-LUMO energy gap and the theoretical dipole moment for
compounds 1-4. As shown in Figure 4.2 and summarized in Table 4.1, energy
gaps range from 3.22 to 3.41 eV and dipole moments range from 1.98 to 3.24.
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Figure 4.1. Ground-state electrostatic potential maps of 1-4 generated using a
BY3LYP-6-31G* basis set. Solvent set as dimethylformamide. Data provided by
Will McConnell.

As shown in Figure 4.2, the change in distribution of the HOMO to LUMO
orbitals demonstrates that in the ground state, compounds 1-4 have electron
density centered on the fluorene rings closest to the 3,6-methoxy substituents
and the silicon or germanium atom. Upon excitation, the LUMO orbital is spread
evenly on the fluorene core and out to the 2,7 substituents, suggesting that there
is push-pull behavior (ICT character) present in the molecules. Also, the small
band gap around 3 eV supports our previous observation of high quantum yields
in MFs in aqueous solution since low lying excited states increases the response
of fluorophores (Sauer, 2010; Spikes, 2021). Similar ICT dyes also have band
gaps around 3-5 eV (W. Liu, 2020; Tarai, 2020).
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Figure 4.2. HOMO-LUMO gap of compounds 1-4, determined from Spartan ’18.
B3LYP-6-31G* with dielectric constant set to dichloromethane. Figure provided
by Will McConnell.

Table 4.1. Theoretical energies (eV) and dipole moment (Debye) of
compounds 1-4 in polar solvent.a
HOMO

LUMO

Energy gap

Dipole Moment

1

-5.20

-1.97

3.23

2.96

2

-5.14

-1.92

3.22

3.24

3

-5.27

-1.89

3.38

1.98

4

-5.43

-2.02

3.41

2.23

using Spartan ’18 using Ground State B3LYP-6-31G* in
simulated DMF. Data provided by Will McConnell.
aCalculated
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4.2.2. Spectroscopy
As shown in Figure 4.3, the absorption spectra of compounds 1-4 in
various solvents shows a major absorption band arising from the 𝜋-𝜋* transition
of the highly conjugated 2,7-substituents around 370 nm – 390 nm, and one
minor band from the silafluorene core around 340 nm. The absorption maxima of
compounds 1-4 demonstrate slight bathochromic shifts in dimethyl sulfoxide
compared to the other solvents. The wavelengths less than 300 nm are sensitive
to solvent, which has been shown for similar silafluorenes (Gou, 2021).
In Figure 4.4, the emission spectra of compounds 1-4 show two bands
mirroring the absorption spectra, as expected based on the Franck-Condon
principle (Reichardt, 1994). The emission maxima are tuned by the 2,7substituents and have significant shifts with solvent polarity, suggesting that
these groups contribute to the spectral differences among compounds 1-4.
To better understand the degree of solvatochromism, the Stokes shift of
compounds 1-4 were determined from absorption and emission data in a range
of organic solvents (Figure 4.3 and Figure 4.4). As shown in Figure 4.4, 1
showed significant bathochromic shifts in the emission spectra in more polar
solvents, increasing the Stokes shift from 29 nm in toluene (nonpolar) to 36 nm in
methanol (polar protic). Surprisingly, compounds 2-4 exhibited blue-shifted
(hypsochromic) emission spectra with increasing polar solvent, varying the
Stokes shift by a few nanometers. Overall, the Stokes shift of 1 varied with
solvent polarity significantly compared to 2-4, with change in Stokes shift with
solvent polarity increasing from 2 < 3 = 4 < 1, as summarized in Table 4.2.
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Figure 4.3. Absorbance spectra of 1-4 in various solvents at 25˚C.

Figure 4.4. Fluorescence spectra of 1-4 in various solvents at 25˚C. Conditions:
1 𝜇M 1-4; slit widths set to 0.8 nm. Excitation wavelength at absorption maxima.
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Table 4.2. Stokes shift of 1-4 by solvent.

1

2

3

4

𝝐a

𝜼a

Toluene

2.38

1.496

29

28

28

27

Chloroform

4.81

1.445

29

28

28

27

DCM

8.93

1.424

28

29

28

27

Acetone

20.7

1.359

29

28

27

28

Methanol

33.0

1.329

36

28

27

25

DMSO

46.7

1.479

30

28

30

27

Solvent

aDielectric

Stokes Shift (nm)

constant; bRefractive index. (Lide, 2006)

4.2.3. Experimental dipole moment
Since ICT dyes have strong changes in dipole moment in the excited
state, I sought to determine the experimental dipole moment for 1-4 by relating
the solvent polarity to the Stokes shift. The change in the dipole moment was
calculated using Equation 2.4, which relates the Stokes shift in wavenumbers (cm-1)
to the change in dipole moment (𝜇𝑒 − 𝜇𝑔 ) determined from a linear fit (Vázquez, 2005),
referred to as the Lippert-Mataga equation.

This equation is simplified to facilitate a linear fit, as shown in Equation
2.6, where the y-axis is the Stokes shift (𝜐̅𝐴 − 𝜐̅𝐹 ) and the x-axis is the solvent
orientation polarizability (𝑓1 (𝜖, 𝜂)).
The Lippert-Mataga plots, shown in Figure 4.5, indicate there is a linear
correlation between the Stokes shift and the solvent orientation polarizability for
1, 2, and 4. A molecule that is not solvatochromic would have a slope of zero.
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The slope of this plot is expected to be positive or negative depending on the
direction of the spectral shifts with increasing solvent polarity. A positive slope
correlates to an increase in the magnitude of the dipole moment in the excited
state (𝜇𝑒 > 𝜇𝑔 ), while a negative slope correlates to a decrease in the magnitude
of the dipole moment in the excited state (𝜇𝑒 < 𝜇𝑔 ) with increasing solvent
polarity (Reichardt, 1994). Figure 4.5 shows a positive slope for 2, and a
negative slope for 1 and 4. 3 may be positive or negative within error. The slope
of highest magnitude was 1, suggesting it is more solvatochromic than 2-4.
The slope obtained from Figure 4.5 was used to calculate the change in
the dipole moment (𝜇𝑒 − 𝜇𝑔 ) from ground state to excited state, using Equation
2.7, as discussed in Chapter 2.

Figure 4.5. Lippert-Mataga plot ( 𝜐̅𝐴 − 𝜐̅𝐹 vs. (𝑓1 (𝜖, 𝜂)) of 1-4.
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Table 4.3. Lippert-Mataga analysis of 1-4.
Onsager Radius, Åa Slope (m1)b

∆𝝁LMc

1

8.331

-293

4.10

2

8.285

157

2.98

3

6.608

-124

1.89

4

6.166

-253

2.43

aOnsager
cChange

b Slope

radius, from DFT;
from Lippert-Mataga plot;
in magnitude of dipole moment calculated from Eq. 4.3.

Lippert-Mataga only provides information on the change in dipole from
ground state to excited state and does not account for hydrogen bonding and
donor/acceptor interactions. There are ways to account for these interactions by
modifying the solvent orientation polarizability to better represent the system.
Equations 2.9 and 2.11 were used (Kumari, 2017), where the Bakhshiev plot is
the Stokes shift vs. the modified solvent orientation polarizability and KawskiChamma-Viallet plot is the average of the absorbance and emission wavelengths
in wavenumbers vs. the modified solvent orientation polarizability. 𝑓2 (𝜖, 𝜂) and
𝑓3 (𝜖, 𝜂) are the Bakhshiev and Kawski-Chamma-Viallet solvent orientation
polarizability functions (Equation 2.8 and 2.12), which add new relationships of
the dielectric constant and refractive index to describe the effects of the solvent
more accurately, as shown in Figure 4.6 and Figure 4.7.
The magnitude of the individual ground state and excited state dipole
moments for 1-4 were calculated using Equations 2.14 through 2.16. Table 4.4
summarizes the slopes of the Bakhshiev and Kawski-Chamma-Viallet plots, the
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changes in dipole moment, and the ground state and excited state dipole
moments for 1-4.

Figure 4.6. Bakhshiev plot ( 𝜐̅𝐴 − 𝜐̅𝐹 vs. (𝑓2 (𝜖, 𝜂)) of compounds 1-4.
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Figure 4.7. Kawski-Chamma-Viallet plots (

̅𝑎 +𝜈
̅𝑓
𝜈
2

vs. (𝑓3 (𝜖, 𝜂)) of 1-4.

Table 4.4. Summary of Bakhshiev and Kawski-Chamma-Viallet dipole moment
calculations for 1-4.
𝒆
𝒄 Slope
𝒃 𝝁
𝒅 Slope ∆𝝁
Onsager
𝝁𝒈
𝝁𝒈 𝒇 𝝁𝒆 𝒈
∆𝝁
𝒆 𝑫𝑭𝑻
𝑲𝑪𝑽
𝑩𝑲
𝑫𝑭𝑻
(m2)
(m3)
Radius, Åa
1

8.331

2.96

0.94

113

2.55

122

2.46

2.60 0.832

2

8.285

3.24

3.93

-53.3

1.73

97.1

2.32

0.137 2.33

3

6.608

1.98

1.93

50.9

1.21

199

2.17

2.26 0.613

4

6.166

2.23

2.90

80.8

1.37

232

2.28

2.59

aOnsager

1.22

radius, from DFT; bGround state dipole moment from DFT calculations
in polar solvent; cExcited state dipole moment from DFT calculations in polar
solvent; dChange in magnitude of dipole moment calculated from Bakhshiev plot;
eChange in magnitude of dipole moment calculated from Kawski-Chamma-Viallet
plot; fground state dipole moment from Eq. 2.14; gExcited state dipole moment
from Eq. 2.15 or Eq. 2.16.
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4.2.4 Discussion
The absorption and fluorescence spectra of 1-4 demonstrate that the
tunability in the 2,7-position of metallafluorenes can impact the Stokes shift, and
ultimately solvent polarity sensitivity. 2 responds to increasing solvent polarity
with a red-shift (bathochromic shift) in the fluorescence spectra, while 1, 3, and 4
respond with a blue-shift (hypsochromic shift), which may be due to selfassociation to protect the molecule from solvent effects, where the molecule in
the ground state is stabilized better than in the singlet excited state (Reichardt,
1994). This was also reflected in the excited state dipole moment, where only 2
had a higher dipole moment in the excited state than the ground state.
The dipole moments suggest that compounds 1-4 may be less
solvatochromic than dyes like Prodan (transition dipole moment of 14 D)
(Klymchenko, 2017). The dipole moments are slightly lower than those of other
highly solvatochromic dyes like Prodan and FR0 (7-14 D) (Klymchenko, 2017;
Kucherak, 2010), which may reduce issues with photostability and absorption in
polar solvents observed in highly solvatochromic dyes. The HOMO-LUMO gaps
determined from DFT are consistent with those of other fluorescent probes used
in bioimaging applications, such as AIE-2 (3.08 eV), TPED2F (5.35 eV), and
flavone derivatives (4.18-4.56 eV) (L. Liu, 2018; W. Liu, 2020; Tarai, 2020).
Global hybrid functionals, like B3LYP used in the DFT calculations
demonstrated here, tend to underestimate the fraction of Hartree-Fock exchange
by 20-25% (Vikramaditya, 2020). This results in a less reliable excited-state
dipole moment, so comparison of DFT calculated and experimental changes in
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the dipole moment (𝜇𝑒 − 𝜇𝑔 ) are inadequate. Thus, the calculated ground state
dipole moment using Eq. 4.8 was compared to the theoretical ground state dipole
moment from Spartan ’18 calculations. The ground-state dipole moment of 1-4
shown in Table 4.4 are in good agreement with the DFT results except 2, where
differences between theoretical and experimental may be due to the influence of
the germanium atom at position 9. There were not many differences in the DFT
results for 2 containing the germanium atom compared to 1 and 4 that are
silicon-based, but there are clear differences in the experimental results. This
could also be due to the stronger electron withdrawing 2,7-methoxy-naphthalene
substituent of 2 compared to the 2,7-substituents of the other metallafluorenes.
The radius (𝑎𝑜 ) used in the equations discussed in Chapter 2 has a
significant impact on the experimental dipole moment. In this work, the Onsager
radius, obtained from DFT calculations, was used to estimate the radius that
charge transfer would occur. It has also been demonstrated in the literature that
using a cavity radius in place of the Onsager radius can be used instead and
assumes the molecule is a point dipole in a spherical cavity (Rácz, 2013; Zoon,
2005):
3𝑀

𝑎𝑜 = [(4𝜋𝑁

𝐴 𝜌)

1
3

]

Eq. 4.1

where M is the molecular weight of the molecule, NA is Avogadro’s number, and
𝜌 is the density, which is assumed to be 1 g/cm3. To estimate the impact the
radius has in determining the experimental dipole moment, the cavity radius was
compared to the Onsager radius from DFT (Onsager radius given in Table 4.4).
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There are small differences in radii for the more solvatochromic compounds 1
and 2, most likely due to the additional ring systems present in those compounds
that increase the distance across the 2,7-substituent. Since the structure of
compounds 1-4 are significantly longer in one dimension (not spherical) and the
values were in overall good agreement, the Onsager radius was used to
calculate the dipole moment instead of assuming a cavity radius.
The experimental ground state and excited state dipole moments of 1-4
confirm that metallafluorenes do have ICT characteristics and are weakly
solvatochromic. Since this library of compounds demonstrate high quantum
yields and extinction coefficients (see Appendix A), the hindrance in
solvatochromism most likely occurs from the relatively weak electron withdrawing
or electron donating groups present in 1-4.
4.3. Next generation solvatochromic metallafluorenes
4.3.1 Characteristics of solvatochromic metallafluorenes
It is hypothesized that increasing or decreasing areas of electron density
at the 2,7-substituent may lead to higher solvatochromism. For example, other
symmetric fluorophores in the literature, like AIE-2, have shown strong ICT
characteristics (Tarai, 2020), suggesting that the tunability of the 2,7-substituent
in MFs are of interest for solvatochromic probes. To determine if the
solvatochromism can be tuned significantly in metallafluorenes, I then turned to
5, which was recently published (Germann, 2020). 5 contains a benzaldehyde
substituent at the 2,7-position, which is a stronger electron withdrawing group
than those in 1-4. Results of 5 are discussed here. Visually, 5 is solvatochromic
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as shown in Figure 4.8, whereas 1-4 show no change in emission color to the
naked eye. 5 has an extinction coefficient of 57,100 M-1 cm-1 and a quantum yield
of 0.85 in dichloromethane (see Appendix A for comparison to other
metallafluorenes) (Germann, 2020). DFT calculations of 5 were used to
determine the theoretical properties to compare to those of 1-4. Spectroscopic
measurements of the Stokes shift of 5 in various solvents and the solvatochromic
analysis were also completed.

Figure 4.8. 5 in various solvents under UV light. A) acetonitrile; B) methanol; C)
ethanol; D) acetone; E) dichloromethane; F) p-xylene; G) toluene; H) benzene.
Spartan ’18 was used to determine the theoretical properties of 5 using
the same basis set (B3LYP-6-31G*) as for 1-4. The HOMO and LUMO energies,
electrostatic potential diagram, and the dipole moment in various solvents were
determined. The HOMO-LUMO orbital diagram and electrostatic potential map of
5 are shown in Figure 4.9a. The electrostatic potential diagram of 5 shows the
strongest areas of electron density at the oxygen atom on the aldehyde groups,
as shown in Figure 4.9b. The HOMO-LUMO energy gap was determined to be
3.04 eV, which was slightly lower than those of 1-4. The theoretical dipole
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moment was 8.8 Debye, which was significantly higher than those of 1-4 (1.983.24 D).
Next, the absorbance and emission spectra of 5 were determined in
various solvents (Figure 4.10). The absorbance spectrum of 5 is slightly more
red shifted by 10 nm than the spectra of 1-4 and the change in the emission
lambda max with solvent polarity is more prominent. The Stokes shift is
significantly higher than for 1-4, ranging from 31 nm in toluene to 62 nm in
acetonitrile, while 1-4 varied by 3-8 nm. Table 4.5 summarizes the Stokes shift
with solvent polarity for 5 (see Table 4.2 for Stokes shift of 1-4).

Figure 4.9. A) HOMO-LUMO orbital energy diagram of 5. B) Electrostatic
potential diagram of 5. Results provided by Will McConnell.
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.

Figure 4.10. Absorbance and fluorescence spectra of 5 in various solvents.
Toluene, light green; chloroform, black; dichloromethane, blue; acetone, red;
acetonitrile, dark green; dimethyl sulfoxide, purple.

Table 4.5. Stokes shifts of 5 in various solvents.

5
𝝐a

𝜼a

Stokes Shift (nm)

Toluene

2.38

1.496

31

Chloroform

4.81

1.445

41

DCM

8.93

1.424

39

Acetone

20.7

1.359

26

Acetonitrile

37.5

1.344

62

DMSO

46.7

1.479

60

Solvent

adielectric

constant; brefractive index. (Lide, 2006). See Table 4.2 for
Stokes shifts of 1-4.
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The Lippert-Mataga, Bakhshiev, and Kawski-Chamma-Viallet equations were
then applied to 5 (Figure 4.11). The slopes were much larger in magnitude than
for 1-4 (slopes were 50-113), as summarized in Table 4.6. The theoretical
ground state dipole moment from Spartan ’18 is 8.82 D while the experimental
ground state dipole moment determined from the Bakhshiev and KawskiChamma-Viallet equations is 6.06 D.

Figure 4.11. A) Lippert-Mataga plot ( 𝜐̅𝐴 − 𝜐̅𝐹 vs. (𝑓1 (𝜖, 𝜂)) of 5. B) Bakhshiev plot
̅ +𝜈
̅
𝜈
( 𝜐̅𝐴 − 𝜐̅𝐹 vs. (𝑓2 (𝜖, 𝜂)) of 5. C) Kawski-Chamma-Viallet plot ( 𝑎 𝑓 vs. (𝑓3 (𝜖, 𝜂)) of
2
5. SJ11013, SJ11007, SJ11214
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Table 4.6. Summary of Lippert-Mataga, Bakhshiev, and Kawski-Chamma-Viallet
dipole moment calculations for 5.
a0, Åa
5

6.733

𝝁𝒈

𝒃
𝑫𝑭𝑻

8.82

𝝁𝒆 𝑫𝑭𝑻 𝒄 ∆𝝁𝑳𝑴 d Slope
(m1)

Slope
(m2)

∆𝝁𝑩𝑲 𝒆 Slope ∆𝝁𝑲𝑪𝑽 𝒇 𝝁𝒈 𝒈 𝝁𝒆 𝒉
(m3)

7.91

-1862

7.515 -1142 5.88

12.9

5500

6.06 1.45

aOnsager

radius, from DFT; bGround state dipole moment from DFT calculations
in polar solvent; cExcited state dipole moment from DFT calculations in polar
solvent; dDipole moment from Lippert-Mataga plot; eChange in dipole moment
calculated from Bakhshiev plot; fChange in dipole moment calculated from
Kawski-Chamma-Viallet plot; gground state dipole moment from Eq. 2.14;
hExcited state dipole moment from Eq. 2.15 or Eq. 2.16. See Table 4.4 for
summary of 1-4.

4.3.2. Aggregation behavior of solvatochromic metallafluorenes
The crystal structures of metallafluorenes previously reported suggest that
𝜋 − 𝜋 stacking interactions between molecules would prompt AIEE
(Hammerstroem, 2016, 2017a). I hypothesized that metallafluorenes may
demonstrate AIEE behavior in aqueous solution upon restriction of rotation
through aggregation or viscosity, with future potential as molecular rotors. To
investigate these properties, I first investigated their ability to behave as
molecular rotors through viscosity experiments. Then, the morphology was
analyzed using scanning electron microscopy. Lastly, I hypothesized that we
could induce chirality upon aggregation, which could be measured via circular
dichroism.
4.3.2.1 Viscosity
A glycerol:methanol fraction with increasing glycerol was used to mimic
the restricting environment for a molecular rotor. It was expected that the
fluorescence intensity would increase with increasing viscosity and the use of
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glycerol and methanol limits the effects of polarity (Haidekker, 2010). The relative
polarity of glycerol is 0.812 and of methanol is 0.762 (CRC Handbook, 87 th
Edition). 5 is not soluble in methanol, so 1-4 were investigated for viscosity
sensitivity to determine if MFs have molecular rotor characteristics.
It was determined that the fluorescence intensity decreases with
increasing viscosity for all four compounds (Figure 4.12), which suggests that
the current library of metallafluorenes are not molecular rotors and the
fluorescence intensity does not increase upon restriction of motion. However, 5
may still be a molecular rotor but could not be determined from this experiment.

1

Figure 4.12. Relationship between fluorescence intensity and viscosity with
increasing glycerol fractions of 1-4. SJ20614
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4.3.2.2 Measuring morphology and aggregation
SEM of 5 was used to determine its potential to aggregate and determine
if particle size is sensitive to changes in solvent polarity. As shown in Figure
4.13a, a solution of 5 in tetrahydrofuran (THF) was drop cast onto an aluminum
stub containing carbon sticky tape and then dried completely, which showed
irregularly shaped particles a few microns in size. In Figure 4.13b, the same
process was completed with 5 dissolved in acetonitrile, which showed irregularly
shaped particles about 25 microns in size. This suggested that the particle size is
influenced by the solvent polarity, causing small aggregates in more polar
solvent.
Lastly, aggregation was measured by inducing chirality which was
monitored using circular dichroism (CD). Achiral molecules induced to be chiral
as a measure of AIE potential has been demonstrated in the literature for other
AIE dyes (Anuradha, 2017). Since metallafluorenes are achiral, it was expected
that as a monomer surrounded by solvent molecules metallafluorenes would be
CD-inactive. If metallafluorenes have AIE properties, 𝜋 − 𝜋 stacking in one
direction would cause a CD signal. As shown in Figure 4.14, in most solvents 5
has a broad negative peak around 425 nm and a positive peak around 275 nm.
In methanol, the intensity of the +275 nm peak decreases while the intensity of
the -425 nm peak increases drastically. This suggests that metallafluorenes may
weakly aggregate in more polar solvents; however, a drastic increase in
fluorescence intensity of 5 is not seen in polar solvents.
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Figure 4.13. SEM images of 5. Solvents: A) THF, B) acetonitrile. Images
collected with the assistance of Palak Sondhi and Bishal Nepal. SJ10331,
SJ20411

Figure 4.14. Circular dichroism spectra of 5 in various solvents. Digital
integration time (DIT), 2 seconds. Scan rate, 100 nm/sec. Data collected by Will
McConnell.
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4.3.3 Discussion
Overall, 5 has shown to be a stronger ICT dye than 1-4. The dipole
moment, both theoretical and experimental, is significantly higher than the other
metallafluorenes in this library. The electrostatic potential diagram and HOMOLUMO orbital diagram also showed clear changes in the magnitude of the
electron donating and withdrawing groups in 5 than 1-4, demonstrating the
tunability in ICT character of metallafluorenes by altering the 2,7-substituent.
The viscosity results suggest that this small library are likely not molecular
rotors, and the available rotation at the 2,7-position of some of these
metallafluorenes is not enough to restrict the motion between electron donating
group and the electron withdrawing group to increase the fluorescence intensity.
The morphology of metallafluorenes does not show clear aggregates but does
show a change in particle size in different solvents. This suggests that the
metallafluorenes are influenced by solvent but are able to maintain their desirable
properties like high quantum yield and brightness by solvent orientation to protect
the metallafluorene from more polar environments. The current library would not
be classified as AIEE dyes due to this, as AIEE dyes are greatly enhanced when
in an aggregated state.
The DFT results of 5 compared to 1-4 show interesting trends. 5 has a
lower HOMO-LUMO energy gap, a larger dipole moment, and has a strong
electron withdrawing group at the 2,7-position. We then sought to use Spartan
’18 to construct new metallafluorenes with desirable properties for ICT dyes and
molecular rotors which is discussed further in Chapter 5.
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CHAPTER V
SYNTHESIS OF NEW 2,7-DISUBSTITUTED SILA- AND GERMAFLUORENES

5.1. Introduction and Background
5.1.1 History and Motivation
The Wilking group has demonstrated that 2,7-disubstituted silafluorenes
and germafluorenes exhibit fluorescence both in solution and in the solid state
making them useful probes for a number of applications, (Scheme 5.1)
(Hammerstroem, 2016, 2017a). By changing the substitution position to the 3,6position, metallafluorenes are less fluorescent (Winchester et al., in preparation),
which suggests manipulation of the 2,7-substituent could result in enhanced ICT
properties.
In Chapter 4, the DFT results of 5 compared to 1-4 showed interesting
trends. 5 has a lower HOMO-LUMO energy gap, a larger dipole moment, and
has a strong electron withdrawing group at the 2,7-position than 1-4. We then
sought to use Spartan ’18 to construct new metallafluorenes with desirable
properties for ICT dyes and molecular rotors. To expand the library
metallafluorenes, DFT calculations were utilized to determine what properties are
indicative of solvatochromism in various commercially available ethynyl
substituents. Then, selected compounds were synthesized to generate a future
library of solvatochromic metallafluorenes.
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Scheme 5.1. Metallafluorenes with various 2,7-substituents published or
investigated in this work. E represents either a germanium or silicon atom, as
denoted next to the 2,7-substituent.
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5.2 Design of MFs using DFT
To screen the library of metallafluorenes shown in Scheme 5.1, Spartan
’18 was used to calculate the theoretical dipole moment, HOMO-LUMO gap, and
generate the electrostatic potential maps. As discussed in Chapter 4, theoretical
studies of compounds 1-4 showed small changes in dipole moment, HOMOLUMO energy gap, and electrostatic potential. However, 5 showed drastic
changes in spectra with solvent polarity and was the most solvatochromic
metallafluorene in the expanded library. As shown in Figure 5.1, 5 showed the
highest dipole moment compared to 1-4.
Since larger dipole moments are indicative of potential solvatochromic
properties due to push-pull behavior across the molecule (Klymchenko, 2017), I
then hypothesized that using these parameters in Spartan ’18, metallafluorenes
could be designed to have greater sensitivity to solvent polarity. The trend that 5
follows (high dipole moment, low HOMO-LUMO gap, and regions of electron
density situated across the molecule) was considered when commercially
available alkynyl moieties at the 2,7-position of metallafluorenes were analyzed
in Spartan ’18. These properties would allow for more efficient transfer of the
electron from the ground state to the excited state, ultimately leading to brighter
MF fluorescence for various applications.
Three potential molecules were selected based on their properties
compared to 5, which are 7-9 shown in Scheme 5.1. 7, which contains a
malononitrile substituent at the 2,7-position, was suspected to have molecular
rotor properties based on its structure. I hypothesized that the nitrile groups
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Figure 5.1. Comparison of the theoretical ground state dipole moment of 5
compared to 1-4 investigated in Chapter 4 in polar vs nonpolar simulated
solvent. Figure provided by Will McConnell.

present would provide more red-shifted UV-Vis and fluorescence spectra
compared to the current library of metallafluorenes. The rotation between the
nitrile groups at the 2,7-position could allow for a fluorogenic effect (increase in
fluorescence intensity) with restricted rotation between the phenyl and nitrile
groups, thus it was selected for synthetic workup.
Other 2,7-substituents investigated with metallafluorene cores but not
selected for synthesis are summarized in Scheme 5.1 and Table 5.1. These
were not selected for various reasons, mostly cost of commercial reagents and
they had lower dipole moments than 5. For example, the dipole moment of 11
with a silafluorene core was only 2 D. An asymmetric triazole and benzaldehyde
2,7-substituted silafluorene (13) was also investigated with Spartan ’18 due to
potential click applications (Horisawa, 2014) but showed similar dipole moment to
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5 that is disubstituted, so it was not chosen at this point in time. See Table 5.1 for
comparisons.
8, which contains a nitrobenzene group at the 2,7-position, was selected
to increase the diversity in the library of metallafluorenes. The nitro group would
be the first charged metallafluorene in the library and contains a nitrogen to redshift the UV-Vis and fluorescence spectra. I hypothesized that this
metallafluorene could be used to monitor intracellular pH and may have cell
permeability (Han, 2010; Lukinavičius, 2013).
Lastly, 9, which contains a benzoxazole moiety at the 2,7-position, was
selected to increase the electron withdrawing capabilities by adding more
heteroatoms to the ring; thus, I suspected that this metallafluorene would have
strong ICT characteristics.
The HOMO-LUMO orbital diagram generated from Spartan ‘18 for 7 is
shown in Figure 5.2a, which showed movement of electrons located on the
fluorene core out towards the malononitrile substituents. The electrostatic
potential diagram (Figure 5.2b) shows that the nitrile groups at the 2,7-position
are strongly withdrawing (in red) and the alkene and 3,6-methoxy substituents
contain most of the electron density (in blue).
The HOMO-LUMO orbital diagram of 8, which contains a germanium at
position 9, is shown in Figure 5.3a. The HOMO-LUMO orbital diagrams showed
strong ICT character from the fluorene core out to the nitrobenzene substituents.
The electrostatic potential diagram (Figure 5.3b) shows strong electron density
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at the 3,6-methoxy substituents (in blue) and the nitro groups are strongly
withdrawing (in red).
The HOMO-LUMO orbital of 9, which is also another germanium-based
metallafluorene, is shown in Figure 5.4a. This showed evenly distributed orbitals
in the LUMO suggesting ICT properties. Figure 5.4b shows the electrostatic
potential, where the pattern of electron density is changed compared to 7 and 8.
Here, the phenyl groups attached to the germanium at position 9 are more
electron-withdrawing, while the electron density is situated on the oxygen atoms
at the benzoxazole substituent. Table 5.1 also summarizes the theoretical
properties of metallafluorenes 1-9 compared to the other metallafluorenes
discussed here.
Table 5.1. Spartan ’18 theoretical ground state energies (eV) and dipole moment
(Debye) of metallafluorenes (Scheme 5.1) in dimethylformamide as solvent
compared to other metallafluorenes investigated. Metallafluorenes in bold are the
ones selected for synthesis.
Compound HOMO
LUMO HOMO-LUMO Gap Dipole Moment
1
-5.23
-2.00
3.23
3.05
2
-5.11
-1.93
3.18
4.94
3
-5.30
-1.91
3.39
2.06
4
-5.45
-2.03
3.42
2.30
5
-5.46
-2.42
-3.04
8.82
6
-5.51
-2.14
3.37
2.24
7
-5.51
-2.99
2.52
5.39
8
-6.11
-4.52
1.59
13.6
9
-6.22
-3.38
2.84
15.7
10
-5.67
-2.57
3.10
3.80
11
-5.14
-1.94
3.20
2.25
12
-5.18
-1.09
4.09
6.10
13
-5.52
-2.13
3.39
6.73
14
-5.43
-2.01
3.42
4.00
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Figure 5.2. A) HOMO-LUMO orbital diagram of 7 in polar solvent. B)
Electrostatic potential diagram of 7. Images provided by Will McConnell.
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Figure 5.3. A) Shows the HOMO-LUMO orbital diagrams for 8. B) Shows the
electrostatic potential diagram for 8. Figure provided by Will McConnell.
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Figure 5.4. A) HOMO-LUMO orbital diagram of 9. B) Electrostatic potential
diagram of 9. Figure provided by Will McConnell.
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7 showed a slightly overall smaller dipole moment than 5 but lower
HOMO-LUMO energy gap and higher regions of electron density in the
electrostatic potential diagram which suggests improved charge transfer across
the molecule. Together, this suggested that this structure would have stronger
charge transfer effects compared to 1-4. Even though the dipole moment is
smaller for 7 than 5, the HOMO-LUMO energy gap is significantly smaller than 15, which could lead to an increase in quantum efficiency.
8 was available commercially and showed comparable properties to 7
from Spartan ‘18. The dipole moment was calculated to be 13 D, which is
significantly higher than those for 1-7. This is most likely due to the strong
electron withdrawing nitro groups at the 2,7-position.
9 had the highest dipole moment of any of the metallafluorenes
investigated thus far. The HOMO-LUMO orbital diagram showed less intense
orbital movement out to the 2,7-substituents compared to 7 and 8. This was
surprising until the electrostatic potential diagram was generated which showed
that the electron density is situated on the oxygen atom of the benzoxazole
substituent at the 2,7-position and the electron withdrawing groups are the
phenyl rings attached the germanium core at position 9. This charge transfer is
different than any metallafluorene investigated thus far, which may lead to
different properties and applications for 9.
5.3. Synthesis of New 2,7-disubstituted Metallafluorenes
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5.3.1 Synthesis of 7
The synthesis of 7 was performed using a Knoevenagel condensation
(Shimizu, 2010), as shown in Scheme 5.2. The compound was prepared by
using 5 as a starting material and refluxing under argon in the presence of
aluminum hydroxide in ethanol overnight. The product was then purified using
silica gel chromatography with a mobile phase of 1:1 dichloromethane and ethyl
acetate in 49% yield. The melting point was 308°C (decomp).

Scheme 5.2. Synthesis of 2,2'-((((2,8-dimethoxy-5,5-diphenyl-5Hdibenzo[b,d]silole-3,7-diyl)bis(ethyne-2,1-diyl))bis(4,1phenylene))bis(methanylylidene))dimalononitrile.

7 was characterized using 1H NMR using deuterated dimethyl sulfoxide
with the Avance 300 MHz NMR. The NMR spectrum is shown in Figure 5.5. This
molecule had a weak signal, and the physical appearance of Si-malononitrile in
solution was cloudy. As expected, the 1H NMR (300 MHz, DMSO-D6) resonances
were: 𝛿 8.55 (s, 2H), 8.07-7.98 (dd, J = 7 Hz, 4H), 7.93 (s, 2H), 7.78-7.65 (dd, J=
9 Hz, 6H), 7.48-7.40 (m, J= 14 Hz, 10H), 4.09 (s, 6H). In deuterated chloroform,
the peak at 8.55 ppm was missing, suggesting a solubility issue. The 13C NMR
(600 MHz, DMSO-D6) (Figure 5.6) showed the following resonances: 𝛿 162.9,
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160.0, 135.1, 134.8, 131.9, 130.8, 128.5, 128.1, 127.5, 118.5, 114.2, 113.2, 93.8,
56.4.
To investigate the potential for an impurity, mass spectrometry was used.
Unfortunately, 7 was not ionized using the available electrospray ionization
method and showed no observable peak in the spectrum. It was then sent for
elemental analysis at Atlantic Microlab, Inc. (Norcross, GA). The elemental
analysis results, summarized in Table 5.2, were also inconclusive, showing much
lower percentages than theoretically expected. The high melting point (308°C)
may be contributing to the large difference in expected and found results in the
elemental analysis. Since there was a clear change in the physical properties of
the compound from 5 to 7 (blue to orange fluorescence), this needed further
investigation.
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Figure 5.5. 1H NMR (300 MHz) spectra of 7 in DMSO-D6. SJ10812

40

NMR (600 MHz) spectra of 7 in DMSO-D6. SJ10803
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Table 5.2. Elemental analysis results of 7 from Atlantic Microlab,
Inc (Norcross, GA).
Element
Theory
Found
Carbon
80.4
58.81, 58.76
Hydrogen
4.05
4.46, 4.45
Nitrogen
7.50
4.84, 4.84

Thin layer chromatography (TLC) was used to determine if there was an
impurity in 7. Yerim Cho used various ratios of ethyl acetate and hexane to
separate impurities and determine an appropriate mobile phase for silica gel
chromatography. She compared 5 to 7 under the same conditions and
surprisingly found two equally spaced species had traveled on the TLC plate for
both metallafluorenes, as shown in Figure 5.7. Since the fluorescence was the
same color and relative intensity for both spots, this suggested that there is a
monomer and aggregate form of each present and not likely to be an impurity.

Figure 5.7. TLC of 5 (S) and 7 (P) in 1:1 ethyl acetate/hexane. Image
provided by Yerim Cho. YC20316
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Next, 7 was investigated using fluorescence spectroscopy to see if any
artifacts are present in the spectra, as shown in Figure 5.8. Compared to other
metallafluorenes, 7 has a distinct broad, red-shifted peak around 560 nm (Figure
5.8). This suggests an excimer is present, which is an aggregate (usually a
dimer) formed by the association of excited and unexcited molecules (Iwakiri,
2019). This remains dissociated in the ground state, which is why in the UV-Vis
spectra the broad, red-shifted peak is not present. This also explains the TLC
results mentioned above. The quantum yield was measured twice, which resulted
in two widely different quantum yield values. The first trial resulted in a quantum
yield of 0.49 while the second trial had a lower quantum yield of 0.3 (summarized
in Table 5.3). As shown in Figure 5.8, the second trial had a larger excimer peak
and smaller monomer peak than the first trial. This suggests that there is a time
dependence on the formation of the aggregated form, as the same sample was
used for both trials.
Future group work with this compound involves understanding the excitedstate complex and determining an accurate quantum yield, which may require the
use of an integrating sphere.
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Table 5.3. Quantum yield of 1-7.
Quantum Yielda
1

0.82 ± 5%

2

0.75 ± 5%

3

0.89 ± 5%

4

0.80 ± 5%

5

0.85 ± 0.003

6

0.94 ± 0.006

0.49,
0.30
aSolvent:dichloromethane
7

Figure 5.8. Fluorescence spectra of 7 in dichloromethane with increasing
concentration. Conditions: Excitation: 400 nm, Emission: 415-700 nm, Slit width:
1.0 nm. SJ10826

112

5.3.2. Elemental analysis of 7
Lastly, SEM was used to determine the elemental analysis of 7 and
compared to the elemental analysis determined by Atlantic Microlab, Inc. The
elemental analysis is shown in Figure 5.9, which found carbon, nitrogen, oxygen,
and silicon, as well as a negligible amount of chloride. This suggests that the
synthesis of 7 was successful, since starting material 5 does not contain any
nitrile groups. The reasoning for the variation in the actual elemental analysis to
theory may be due to aggregation and would explain the excimer peak
demonstrated in the fluorescence spectra.
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Figure 5.9. SEM elemental analysis of 7. A) Table shows atomic composition
of elements found. B) Spectra produced from applied voltage. C) Selected areas
for elemental analysis labeled 1 and 2. SJ20411
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5.3.3. Synthesis of 8
8 was synthesized using a Sonagashira coupling reaction as previously
published (Hammerstroem, 2016, 2017a), with a yield of 47% and a melting point
of 255°C. The compound was orange in color and under UV irradiation
demonstrated weakly orange fluorescence. Successful synthesis of 8 was then
characterized using 1H NMR (300 MHz) as shown in Figure 5.10. The
resonances from 7 ppm – 8 ppm represent the aromatic protons while the
resonance at 4 ppm represents the methoxy protons. Other peaks align with
solvents used to purify, including ethanol, dichloromethane, and ethyl acetate.
The 1H NMR (300 MHz, CDCl3) peaks were: δ 4.0 (s, 6H), 7.25 (s, 2H), 7.44-7.35
(m, 10H), 7.56-7.52 (d, J= 12 Hz, 2H), 7.71-7.68 (d, J= 9 Hz, 4H), 7.83 (s, 2H),
8.25-8.19 (d, J= 9 Hz, 2H). The 13C NMR (300 MHz, CDCl3) spectra of 8 showed
the following resonances: δ 158.19, 147.78, 138.43, 135.23, 134.56, 131.87,
129.22, 113.27, as shown in Figure 5.11.

Scheme 5.3. Synthetic route for 2,8-dimethoxy-3,7-bis((4-nitrophenyl)ethynyl)5,5-diphenyl-5H-dibenzo[b,d]germole.
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Figure 5.10. 1H NMR (300 MHz, CDCl 3) spectra of 8.

Figure 5.11. 13C NMR (300 MHz, CDCl3) of 8.
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8 was characterized for elemental analysis, as shown in Table 5.3. The
elemental analysis showed the presence of carbon, nitrogen, and hydrogen, as
expected based on the structure. However, the percentages were lower than
expected, most likely due to the presence of solvent in the sample.

Table 5.3. Elemental analysis of 8.
Element
Theory
Found
Carbon
69.17
51.99, 51.82
Hydrogen
3.87
3.59, 3.50
Nitrogen
3.84
0.81, 0.86

Then, 8 was analyzed using liquid chromatography mass spectrometry
(LCMS). The compound was ionized using electrospray ionization (ESI) in
acetonitrile. The expected molecular weight was 729.3215 m/z, and the peak
found was not found; however, the correct peaks for the removal of one or both
nitro groups was found (expected: 685.4362, found: 865.1308; expected:
640.1458, found: 639.4064). Since other metallafluorenes were not ionizable with
ESI, this may be the reason the +1 m/z peak was not visualized in the spectrum.
5.3.4 Synthesis of 9
To make the ethynyl starting material for the synthesis of 9, a mixture of 2bromobenzoxazole (1.0 mmol, 1.0 eq), ethynyltriisopropylsilane (2.0 mmol, 2.0
eq), bis(triphenylphosphine) palladium(II) chloride (0.050 mmol, 5.0 mol%), and
copper iodide (0.050 mol, 5.0 mol%), was dissolved in 10 mL of N,N-dimethyl
formamide (DMF) and stirred under argon flow at 40°C for 24 hours. This
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resulted in a triisopropylsilane protected alkyne starting material with a 76% yield
and the NMR spectra is shown in Figure 5.12. The deprotection of the ethynyl
starting material proved difficult. First, methanol and potassium carbonate were
used to

Scheme 5.4. Synthetic route for 2,2’-((2,8-dimethoxy-5,5-diphenyl-5Hdibenzo[b,d]germole-3,7-diyl)bis(ethyne-2,1-diyl))bis(benzo[d]oxazole).
form a methoxide group as an effective protecting group removal but was
unsuccessful. A stronger reagent, tetra-n-butylammonium fluoride, was used to
produce fluoride ions that would effectively remove the protecting group, but also
failed.
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Figure 5.12. 1H NMR spectra (300 MHz, CDCl3) of triisopropylsilyl protected
ethynyl benzoxazole.

5.4 Discussion
The goal of synthesizing 7-9 was to expand the library of metallafluorenes
that would increase charge transfer properties for future applications. The two
compounds successfully synthesized, 7 and 8, demonstrate orange to yellow
fluorescence in dichloromethane, while the current library (1-5) demonstrates
blue fluorescence in dichloromethane. With this red-shift in fluorescence, the
solubility, extinction coefficient, and quantum yield are negatively impacted
compared to 1-4. For example, the quantum yield of 7 in dichloromethane is
roughly half of what it was for 1-4 in dichloromethane, which is expected of near-
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IR dyes. Future directions of 7 and 8 would involve determining solvent effects,
the impact of viscosity on the fluorescence intensity, and aggregation studies.
The unsuccessful synthesis of 9, most likely due to deprotection issues of
the alkyne and subsequent purity for the next steps in the synthesis, was
investigated numerous times with various deprotection reagents and column
conditions. The crude mixture stuck to the silica gel column regardless of solvent
conditions, suggesting a reverse phase column may be necessary. In future
group work, it may also be appropriate to use a different protecting group that
can be removed under methoxide conditions.
5.4.1. Concluding remarks
In summary, the characterization of new metallafluorenes posed a
challenge. Conditions used previously for Sonagashira coupling of
metallafluorenes may need to be revisited in future group work to improve yield
and subsequent purification of new metallafluorenes. 7 demonstrates that
altering the 2,7-substituents to have more heteroatoms leads to more red-shifted
fluorescence spectra, as expected from the DFT calculations. Since 7 and 8 are
an entirely new generation of metallafluorenes, their properties are currently
unknown. Future group work may involve determining whether they are
molecular rotors, ICT dyes, or ESIPT dyes and testing affinity to biomolecules for
various applications.
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